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EDITORIAL 


An even bigger climate problem 


olding a major international summit on cli- 
mate change against a backdrop of civil discon- 
tent like the kind that has rocked Chile might 
have given the world the impression that is- 
sues like clean energy can be addressed with- 
out also confronting problems of social justice. 
So last month, in the midst of massive protests 
on cost-of-living burdens and other inequalities, Chile 
withdrew as the host nation of the United Nations Cli- 
mate Change Conference (COP25). Instead, COP25 will 
convene next week in Madrid, Spain. Despite this deci- 
sion, Chile’s commitment to maintain its presidency of 
COP25 through next year hopefully signals a turning 


bon neutrality goal in conjunction with the scientific 
community. It also proposes a Scientific Council and a 
Civil Society Council to expand input into policies and 
a Regional Committee on Climate Change to develop 
local climate action plans. 

But dealing with climate change will require not only 
technical and practical transformations in sectors like 
energy and transportation, but also social transforma- 
tions. Climate change amplifies social inequities. Sea 
level rise, droughts, heat waves, and wildfires, among 
other hazards, affect food, water, air, land, energy, and 
other securities. Some groups are affected more than 
others, depending on where they live and their ability 


Carolina Schmidt 
is the Minister 
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Chile, Santiago, 
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point in climate action—one that further steers Chile | to cope. What is needed are “green transitions” that mma.gob.cl 
and the rest of the global community to recognize con- | support people who live in poverty and in indigenous 
nections between social and climate crises, and to sup- | communities with limited resources, as well as those 
port climate policies that do not leave anyone behind. | in urban communities struck by higher energy costs 
This year, Chile made bold moves and air and water pollution. 
to limit climate change. In September, fh 1 How can climate action advance a 
it launched a broad illahee tna en- Nations cannot more sustainable, fairer, and united 
courages nations, regions, cities, busi- Chile? Goals, technologies, and poli- 
oe and ee ie ae address development cies sii fae se be dis: 
measures to reduce greenhouse gas and prosperity cussed in the context of their impacts 
emissions and reduce vulnerability across the income distribution. For 
_ ie are sae change. And without addressing example, in haa ee NDC, a 
althoug ile contributes a mere = new aggressive goal to reduce up to 
0.25% to global carbon emissions, its climate change, 30% of carbon emissions by 2030 was 
proposed nationally determined con- x ” created to address the huge pollution 
tribution (NDC)—the reductions in and vice versa. problem associated with cities mainly 
greenhouse gas emissions that are at in the south. The complete coal phase- 
the heart of the international Paris Agreement to limit | out program was agreed upon in a roundtable where 
global temperature rise—was formulated with Chile’s | the government, private sector, local authorities, and 
own national agenda of reaching carbon neutrality | civil representatives discussed a transition process 
by 2050. that is sensitive to the health and employment of those 
Achieving a net zero carbon footprint will require | affected most. And the inclusion of the water security 
one of the fastest coal shutdowns of any country be- | was given priority to address a 10-year drought that 
cause the fuel accounts for about 40% of Chile’s elec- | has afflicted 70% of the population. 
tricity generation. The Mitigation Plan for the Energy Although the civil protests in Chile contributed to 
Sector is aligned with goals set in Chile’s 2050 energy | the decision to hold the climate conference elsewhere, 
strategy, which has a renewable energy generation | the result will hopefully send an important message: 
target of at least 60% by 2035. Thanks to an Electro- | Nations cannot address development and prosperity 
mobility Strategy, Chile operates the largest electric | without addressing climate change, and vice versa. 
urban public bus fleet in Latin America, with plans to | Hopefully, the social crisis in Chile will be brought to 
achieve 100% electric public transport by 2050. These | bear on COP25 in Madrid and the way countries make 
are examples of necessary short-term actions to limit | decisions, including those related to a low-carbon and 
global temperature increase to 1.5°C. In the meantime, more resilient economy. 
a Climate Change Law proposal is under discussion. It 
is the first Latin American law that formulated a car- —-Carolina Schmidt 
10.1126/science.aba3075 
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A map of the sea floor in the Central Pacific Basin includes a 4200-meter-high peak called Kahalewai. 


OCEANOGRAPHY 


United States to survey nearby sea floor 


apping of the ocean floor may expand under an order signed 

by President Donald Trump on 19 November to create a federal 

plan to explore U.S. coastal waters. The announcement, which 

does not call for additional funding, comes amid growing inter- 

national interest in charting the sea floor as unmanned aquatic 

drones and other new technologies promise to make the work 
cheaper and faster. The maps, also created by ship-towed sonar arrays, 
are crucial to understanding basic ocean dynamics, finding biological 
hot spots, and surveying mineral, oil, and gas deposits. But much of 
the ocean floor remains unmapped; an international campaign called 
Seabed 2030 aims to map all of it in detail by 2030. Such maps cover just 
40% of the 11.6 million square kilometers in the U.S. exclusive economic 
zone, which extends 320 kilometers from the coasts of all U.S. states and 
territories—an area larger than the total U.S. land mass. Today, those 
maps are a hodgepodge drawn from government, industry, and aca- 
demic research, says Vicki Ferrini, a marine geophysicist at Columbia 
University’s Lamont-Doherty Earth Observatory in Palisades, New York. 
The federal plan, she says, could be a “game changer.” 
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46 You'd think we'd be forming ice, but there's 
just too much heat left in the ocean. 99 


Sea ice physicist Andy Mahoney, in Climatewire, on why November sea ice 
in the Chukchi Sea north of the Bering Strait is the lowest on record. 


lran sentences conservationists 


STATE SECURITY | When Iran this summer 
eased conditions for eight conservationists 
jailed on espionage charges, allowing more 
frequent family visits and time outdoors, 
observers hoped it was a sign of leniency. 
Those hopes were dashed on 20 November, 
when six of the detainees were sentenced 
to 6 to 10 years in prison. (The other two 
apparently are awaiting sentencing.) Iran’s 
Islamic Revolutionary Guard Corps had 
accused the group—all with the Persian 
Wildlife Heritage Foundation, a nonprofit 
in Tehran—of using wildlife camera traps to 
spy on military installations and jailed them 
in early 2018. The arrests sparked an inter- 
national outcry. Calling their detainment 

a “real tragedy,’ famed primatologist Jane 
Goodall last month implored Iran’s leaders 
to show compassion. Hopes now rest on 

a long shot: that Iran’s supreme leader, 
Ayatollah Ali Khamenei, will pardon them. 


Compromise on 5G noise 


METEOROLOGY | Delegates at an inter- 
national conference last week approved a 
standard for electronic noise from a radio 
band used for 5G, the next generation of 
wireless communications, that meteoro- 
logists say will interfere with weather 
forecasting. The decision at the United 
Nations’s World Radiocommunication 
Conference in Sharm El] Sheikh, Egypt, 
restricts the noise to -33 decibel watts 
(dBW) outside of the 24-gigahertz com- 
munications band. After 8 years, the limit 
would be tightened to -39 dBW. That’s 
less stringent than the -55 dBW sought 
by the World Meteorological Organization 
to avoid conflicts with the neighboring 
frequency used by satellites to collect cru- 
cial data about humidity. But it’s a tighter 
limit than the -20 dBW backed by the U.S. 
Federal Communications Commission, a 
proposal that triggered months of debate 
with scientists (Science, 9 August, p. 528). 


NOAA nominee withdraws 


LEADERSHIP | Barry Myers, the controver- 
sial nominee to lead the National Oceanic 
and Atmospheric Administration (NOAA), 
withdrew from consideration last week, 
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citing health concerns. Myers, longtime CEO 
of private weather forecaster AccuWeather, 
had seen his nomination languish in the 
Senate for 2 years. Critics faulted his lack of 
a science background and continued family 
ties to AccuWeather, founded by his older 
brother. Before President Donald Trump 
nominated Myers, the firm had lobbied to 
restrict forecasts put out by NOAA’s 
National Weather Service that might com- 
pete with those from commercial providers. 
After his nomination, Myers resigned from 
AccuWeather and divested himself of own- 
ership shares in the company. NOAA’: acting 
head is Neil Jacobs, an atmospheric scientist 
and its chief of environmental observation 
and prediction. 


Psychology groups tackle climate 


SCIENTIFIC SOCIETIES | Psychological 
associations from more than 40 nations 
agreed this month to apply their disci- 
pline to help advance efforts to combat 

the effects of climate change. The groups 
agreed to study effective ways to commu- 
nicate with the public, policymakers, and 
other scientists about the problem and pro- 
mote environmentally friendly behaviors, 
for example. At the inaugural International 
Summit on Psychology and Global Health 
in Lisbon, the groups approved a procla- 
mation supporting the effort and vowed 

to support a U.N. sustainable development 
goal of helping countries create climate 
adaptation strategies and low-carbon 
development programs. 


Amobile response to disease 


INFECTIOUS DISEASE | Frustrated 

by a lack of well-equipped laboratories 

in developing countries with disease 
outbreaks, medical researchers have 

come up with a solution on wheels: a 
mobile biosafety level 3 lab that can be 
transported by cargo plane. The need 

for such a vehicle, showcased last week 

at the annual meeting of the American 
Society for Tropical Medicine and Hygiene 


Anew biosafety lab on wheels could improve research 
in developing countries on disease outbreaks. 
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IN FOCUS A koi fish hovering over lotus petals won a first prize in the American 
Society for Microbiology's annual Agar Art Contest. Contestants paint living 
microbes on agar, a gelatinlike culture medium, under safe conditions. Artist Arwa 
Hadid colored the petals using Escherichia coli, acommon gut bacterium, 
and the water with Enterococcus faecalis, which causes urinary tract infections. 


near Washington, D.C., became obvious 
during the West African Ebola epidemic 
of 2013-16, when diagnosis and research 
suffered long delays, says Calum Semple, 
a clinical virologist at the University of 
Liverpool in the United Kingdom. He and 
other scientists formed a new company, 
Integrum Scientific, to build the mobile 
lab. It boasts a glove box for handling 
dangerous pathogens, almost 10 meters 
of lab benches, a -80°C freezer, and two 
generators. Semple admits the lab hardly 
helps developing countries build up their 
research capacity—a top priority in the 
global health community—but it will help 
save lives, he says. 


Prevention studies questioned 


BIOMEDICINE | Only about one-fourth 

of prevention research recently funded 

by the U.S. National Institutes of Health 
examined the top 10 causes of death in 
the United States, an analysis by NIH 
researchers has found. The study, pub- 
lished on 8 November in JAMA Network 
Open, looked at a random sample of more 
than 11,000 such research projects funded 
between 2012 and 2017. Only 26% focused 
on measuring one of the top 10 killers 
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of Americans—such as heart disease, 
cancer, or accidents. The authors say “the 
nation may benefit” from shifting more 
NIH-funded prevention research toward 
proposals that study one or more of these 
causes of death and their risk factors. 
Prevention research accounted for 23% of 
NIH’s spending on research projects dur- 
ing the study period. 


Shhh! Noise is hard on animals 


ECOLOGY | Noise pollution from autos, 
planes, and a variety of human activi- 

ties is affecting a wide range of animals, 
suggesting a need for better regulations 
to protect them, according to research 
published last week. The findings came 
from a large meta-analysis of more than 
100 studies that measured changes in 
animal behaviors and hormone lev- 

els before and after exposure to noise. 
Effects varied across species but were not 
clustered in particular types, the authors 
wrote in Biology Letters. They said noise 
could harm bats by hampering their echo- 
location of prey, for example. It could also 
harm ecosystems by driving away some 
native species. Other species may benefit, 
if noise confuses their predators. 
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INFECTIOUS DISEASES 


A World Mosquito 
Program staff member 
releases Wolbachia 
mosquitoes in Brazil. 


Bacteria-armed mosquitoes make dent in dengue 


Field trials suggest spreading Wolbachia could reduce cases of debilitating viruses 


By Kelly Servick, in National Harbor, Maryland 


n a handful of cities around the world, 
mosquitoes have been armed with a 
microscopic weapon against disease. 
The bacterium Wolbachia pipientis 
blocks the insects’ ability to spread fear- 
some viruses such as dengue, Zika, and 
chikungunya. Since 2011, researchers have 
been injecting Wolbachia into the eggs 
of Aedes aegypti mosquitoes and releas- 
ing the hatched insects, which spread this 
protection to their offspring. But the field 
has been waiting for evidence that this ap- 
proach actually reduces disease in people. 

Signs that it does came last week in pre- 
liminary results from several trials in tropical 
areas burdened with mosquito-borne viruses 
such as dengue. In some release areas, stud- 
ies conducted by the nonprofit World Mos- 
quito Program (WMP) found as much as a 
76% reduction in the rate of dengue, which 
causes fever and severe joint pain and has no 
specific treatment. 

“The first indications are very promising,’ 
says Marcelo Jacobs-Lorena, a geneticist 
at Johns Hopkins University in Baltimore, 
Maryland, who wasn’t part of the studies. 

Wolbachia naturally inhabits many insects, 
though not A. aegypti. In mosquito cells, the 
bacterium can prevent viruses such as den- 
gue from replicating—and thus from spill- 
ing into a new host when a mosquito bites. 
Proponents say the approach could comple- 
ment traditional methods such as insecticide 
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sprays, which often fail to control disease. 
And because the bacterium spreads on its 
own, it could be more cost effective than 
population-reducing approaches such as ge- 
netic engineering, some of which require on- 
going releases. 

WMP researchers reported this summer 
that in more than 4 years after a trial release 
of infected mosquitoes in Townsville, Austra- 
lia, only four locally acquired cases of dengue 
were recorded. No previous period of that 
length since 2001 had fewer than 69 cases. 

But stronger evidence of Wolbachia’s im- 
pact requires comparing rates of disease in 
release areas with those at untreated sites 
nearby. At the annual meeting of the Ameri- 
can Society of Tropical Medicine and Hygiene 
here last week, WMP epidemiologist Katie 
Anders of Monash University in Melbourne, 
Australia, presented results from such con- 
trolled trials on opposite sides of the globe. 
On the outskirts of Yogyakarta, Indonesia, 
local health officials documented 76% fewer 
dengue infections in the 2.5 years after the 
release of Wolbachia mosquitoes than in a 
nearby control area. And one treated area in 
Niter6i, Brazil, saw 75% fewer chikungunya 
cases than untreated sites. (A reduction in 
dengue cases was harder to evaluate because 
rates were generally low during the trial.) 

Those results rely on public health surveil- 
lance data, which can include inaccuracies 
and misdiagnoses, Anders acknowledged. 
But, “We're still seeing a signal,” she said, and 
seeing it across sites “is giving us confidence.” 
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It isn’t always easy to get Wolbachia to 
spread and remain in wild mosquito popu- 
lations. WMP infectious disease researcher 
Cameron Simmons, also at Monash Uni- 
versity, noted that levels of the bacterium 
unexpectedly dropped in one study area in 
Vietnam. Heat may have contributed; lab 
tests suggest A. aegypti larvae that develop in 
hotter environments harbor less Wolbachia. 

Another team of researchers is releasing 
and tracking a different Wolbachia strain that 
may better resist high temperatures. Steven 
Sinkins, a vector biologist at the University of 
Glasgow in the United Kingdom, and his col- 
laborators have been releasing infected mos- 
quitoes in and around apartments, houses, 
and shopping areas in Kuala Lumpur. In a 
pilot study of six release sites, published last 
week in Current Biology, Sinkins’s team re- 
ported a 40% reduction in dengue cases com- 
pared with similar sites with no releases. 

Both teams are now conducting larger tri- 
als. In central Yogyakarta, WMP has carved 
out 24 randomized release and control sites. 
From local clinics, they will identify patients 
with dengue and those with other causes of 
fever, then compare the proportions that live 
in Wolbachia-treated and control areas. That 
trial is the “gold standard,’ says Fred Gould, 
an evolutionary biologist at North Carolina 
State University in Raleigh. If the results, 
expected next year, back up the preliminary 
evidence that Wolbachia reduces dengue, he 
says, the World Health Organization could 
approve this microbial ally for broader use. & 
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SCIENTIFIC WORKFORCE 


Universities move to stop passing the harasser 


Changes in hiring practices ask job candidates to allow employers to disclose findings 


By Jeffrey Mervis 


he #MeTIoo movement has shone 

a spotlight on an ugly tradition in 

higher education: allowing faculty 

members found guilty of bullying or 

sexual harassment to move to a new 

job without telling their new em- 
ployer about their past conduct. The prac- 
tice of “passing the harasser” is abetted 
by privacy and labor laws that limit how 
much a prospective employer can be told 
about a job applicant. 

But major research universities are tak- 
ing steps to penetrate that veil of silence. 
The Davis and San Diego campuses of the 
University of California (UC) system are 
conducting pilot programs that ask certain 
faculty candidates to waive some privacy 
protections, and earlier this 
month, the University of I- 
linois Board of Trustees ad- 
opted the recommendations 
of a faculty group to conduct 
a similar pilot. 

Even as universities move 
to tackle the issue, however, 
a case in which the National 
Science Foundation (NSF) un- 
wittingly hired an academic 
shortly before he was sus- 
pended for bullying highlights 
the lack of transparency in hir- 
ing practices. NSF didn’t learn 
about the harasser’s past until 
he had spent 18 months at the 
agency because the university 
ignored an NSF rule requiring immediate 
notification of any change in employment 
status. NSF also didn’t take advantage of 
a new policy at the harasser’s institution 
that would have given the agency access to 
its findings. 

In July 2018, UC Davis officials started to 
ask finalists for tenured positions to waive 
privacy and allow their current employer— 
and sometimes previous employers—to 
share any past harassment findings. Such 
personnel records are typically kept confi- 
dential. Any candidate who doesn’t agree 
to the waiver is considered to have an in- 
complete application and is excluded from 
further consideration. 

The new policy is having its desired ef- 
fect, says Philip Kass, UC Davis’s vice pro- 
vost for academic affairs. Every one of the 
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21 applicants investigated since the policy 
was implemented has come up clean, he 
says. His explanation is that those with 
a negative finding in their files don’t ap- 
ply, and he’s not worried that such self- 
winnowing will limit the talent pool avail- 
able to the university. “I’d rather err on the 
side of excluding someone with a history of 
harassment rather than allowing someone 
to sneak through,” Kass says. 

Applicants with a harassment finding 
in their files aren’t automatically rejected, 
Kass adds, because it’s possible for a fac- 
ulty member to learn from past mistakes. 
For similar reasons, he says, UC Davis only 
seeks records going back 8 to 10 years. 

At UC San Diego (UCSD), a “false alarm” 
involving an allegation of past harassment 
by a new faculty member prompted it to 


launch a similar pilot this summer, says 
Robert Continetti, UCSD’s senior associate 
vice chancellor for academic affairs. The 
policy applies only to tenured positions, 
Continetti says, because although it is rela- 
tively easy to oust an untenured professor 
found guilty of misdeeds, “it’s a laborious 
process to remove someone with tenure.” 

In Illinois, university trustees this month 
adopted a faculty report that recommends 
several steps for combatting sexual mis- 
conduct. One would reverse the universi- 
ty’s current policy of not publicly sharing 
harassment findings, a practice that it says 
“can lead to poor hiring decisions.” The 
report also recommends that university 
officials stop signing nondisclosure agree- 
ments related to such incidents. 

The NSF episode began after officials at 
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the University of Wisconsin (UW) in Madi- 
son concluded in May 2017 that engineer- 
ing professor Akbar Sayeed had created a 
toxic environment in his laboratory through 
a barrage of epithets and intimidation tac- 
tics aimed at his students. The investigation 
was triggered by a query from the family of 
John Brady, a graduate student in Sayeed’s 
lab who committed suicide in 2016 after en- 
during years of such abuse. 

In November 2017, UW _ suspended 
Sayeed for 2 years without pay. The month 
before, Sayeed had started to work at NSF’s 
headquarters in Alexandria, Virginia, as a 
temporary “rotator” overseeing grants in 
electrical, communications, and cyber- 
systems. Despite that suspension, NSF fol- 
lowed its normal practice of reimbursing 
the university for the rotator’s salary. 

Under NSF rules, UW should 
have immediately informed the 
agency of Sayeed’s suspension, 
which would have disqualified 
him from serving as a rotator. 
(UW acknowledges it “failed 
to provide NSF with a timely 
update of his status.”) Instead, 
NSF didn’t learn what had 
happened until April, after the 
university gave the details to a 
local newspaper reporter who 
requested public records on all 
UW investigations of alleged 
harassment. NSF promptly ter- 
minated Sayeed, and has since 
reminded universities of the 
reporting rule. 

Jim Brady, John Brady’s father, wonders 
why Sayeed was allowed to go to NSF. “Ob- 
viously, [UW] couldn’t prevent him from 
finding work during his leave,’ says Jim 
Brady, a Ph.D. chemist who works in in- 
dustry. But, he says, “The timeline should 
make anyone queasy. ... Something is awry 
and needs a bit of attention.” 

Tronically, last year the UW system ad- 
opted a first-in-the-nation policy requiring 
all of its institutions to share findings of ha- 
rassment with any employer that asks. But 
it doesn’t require the university to be pro- 
active in passing along troubling infor- 
mation. And NSF never asked. Rotators 
undergo the same criminal background 
check given to any other federal job appli- 
cant, according to NSF, but are not asked 
about any findings of harassment. 
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U.K. parties stake out science 
stances in “Brexit election’ 


Contenders’ Brexit policies are starkly different 


By Erik Stokstad 


et Brexit done.” “Stop Brexit.” “Give 

people the final say.” The campaign 

slogans of the Conservative, Lib- 

eral Democrat, and Labour parties, 

respectively, betray the biggest is- 

sue in a momentous U.K. election 
on 12 December. When representatives of 
each party took to a stage last week at the 
Royal Society in London, they all promised 
increased funding and easier immigration 
for scientists. But Brexit loomed over the 
discussion, says Sarah Main, director of 
the Campaign for Science and Engineer- 
ing, an advocacy group in London. “There 
are huge implications.” 

For many scientists, the promised ben- 
efits would do little to lessen the pain of 
Brexit. At stake is the roughly £1.5 billion 
that U.K. researchers win each year from 
the European Union, more than the U.K. 
puts into those EU programs. Even now, the 
mere prospect of Brexit seems to be taking 
a toll on U.K. research. For example, win- 
ners of European fellowships are now less 
likely to come—and bring their money—to 
U.K. institutions than they were a few years 
ago (Science, 4 October, p. 24). 

Conservative Prime Minister Boris 
Johnson called for the election to break grid- 
lock over Brexit. The United Kingdom’s de- 
parture from the European Union, kicked 
off by a 2016 referendum and now set for 
31 January 2020, has been put off twice al- 
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ready. Johnson has been unable to get Par- 
liament to approve a divorce agreement, 
and crashing out of the European Union 
without a deal could cause a recession. 

Johnson and the Conservatives want a 
quick approval for their plan. “I think we 
need to move on to bigger issues,” Stephen 
Metcalfe, a Conservative member of Parlia- 
ment (MP) and a member of the House of 
Commons Science and Technology Commit- 
tee, said at the Royal Society event. The op- 
position Labour Party says it will negotiate 
a better deal with the European Union and 
then put it to the people in another referen- 
dum. The Liberal Democrats, running third 
in national polls, want to cancel Brexit. 

If Brexit happens, the parties all say they 
would try to reach a science deal with the 
European Union and pay to participate in 
its funding programs. They also want to 
reform immigration for scientists, both to 
minimize the red tape and fees that EU sci- 
entists will face after Brexit and to bring 
in talent from other parts of the world. 
Johnson wants to eliminate caps on visas 
for top researchers and make it easier for 
universities to sponsor them. At the Royal 
Society event, Labour and Liberal Demo- 
crats said they would make improvements 
as well. “It’s clear the entire system needs 
reform because it’s not working,” said Chi 
Onwurah, a Labour MP and party spokes- 
person for science and innovation. 

Research funding was another point of 
agreement. The Conservatives started to 
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U.K. Prime Minister Boris Johnson is calling for 
research funding boosts and a speedy Brexit. 


boost the budget in 2016, and in 2017 an- 
nounced a 10-year goal of reaching a na- 
tional R&D investment of 2.4% of gross 
domestic product, the average figure among 
economically developed countries, up from 
1.7%. The other parties have pledged to 
maintain that momentum. “There is a star- 
tling degree of consensus across the three 
main parties,’ says James Wilsdon, a science 
policy expert at the University of Sheffield. 

A closer look suggests the parties might 
deploy this money differently. Johnson said 
last month he wants to create a British Ad- 
vanced Research Projects Agency, inspired 
by the U.S. military agency that helped de- 
velop the internet, with a total of £800 mil- 
lion over 5 years to work on bold civilian 
ideas. But Sam Gyimah, a Liberal Democrat 
MP and a former science minister before 
he quit the Conservative Party, pointed out 
that researchers are already adapting to a 
big new funder, UK Research and Innova- 
tion. He warned about the risk of “chopping 
and changing” the way government distrib- 
utes research funding. 

Labour has a controversial idea of its own, 
although it didn’t get much mention at the 
Royal Society debate. In September, the 
party—which favors nationalization of rail- 
ways, postal service, and utilities—called for 
a publicly owned drug company to make ge- 
neric drugs, including versions of drugs still 
under patent, for the National Health Ser- 
vice. Any profits would support public R&D. 
In a statement, Richard Torbett of the Asso- 
ciation of the British Pharmaceutical Indus- 
try in London rejected that idea. “It would 
send a hugely negative signal to British sci- 
entists and would discourage research.” 

On climate policy, all the parties vow to 
reduce net carbon emissions to zero and 
increase renewable energy, but differ on 
the pace. The Conservatives would aim for 
zero emissions in 2050, whereas the Liberal 
Democrats say 2045 is doable. Labour, mind- 
ful of supporters who work in oil and gas 
extraction and energy-intensive industries, 
recently stepped back from a target of 2030; 
its platform, released last week, focuses in- 
stead on creating jobs in renewable energy. 

The election will determine how much of 
this is practical. Ambitious goals, such as a 
new funding agency or energy policy, need 
the approval of what has been a paralyzed 
Parliament. That inaction might continue if 
the next ruling party fails to get a signifi- 
cant majority. The parties have so far ruled 
out forming a coalition government. The 
end result could be more of the same: an 
impasse on the issue most important to the 
country, and to science. 
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Questions churn about vaping’s long-term risks 


Studies in people and animals explore potential chronic harms to the heart and lungs 


By Jennifer Couzin-Frankel 


eports of lung injuries from e- 
cigarettes splash across the news these 
days, but the nicotine-delivery devices 
are also spawning a quieter worry: 
whether users risk long-term health 
effects that may not manifest for de- 
cades. Studies in animals and people are 
now starting to probe whether e-cigarettes 
pose chronic risks to the lungs and cardio- 
vascular system and how the chemicals they 
contain might disrupt healthy biology. 

E-cigarettes are battery-powered devices 
containing nicotine and other substances, 
such as solvents that dissolve the nicotine 
and flavorings that enhance their appeal. 
Heat converts the mix into an aerosol that us- 
ers inhale. Manufacturers tout e-cigarettes as 
tools to help smokers quit, although data are 
mixed. But one thing is clear: Millions of young 
people who didn’t smoke cigarettes have 
taken up vaping. And given that e-cigarettes 
vary more than conventional cigarettes in 
their chemical composition, “We're asking 
medical science to do a huge, heavy lift” to 
pinpoint health impacts across people, says 
James Stein, a preventive cardiologist at the 
University of Wisconsin in Madison. 

He and others believe they have no choice 
but to try. This month, the National Heart, 
Lung, and Blood Institute gave a boost to 
studies of acute and chronic effects when it 
announced supplemental funds for ongoing 


e-cigarette research, on which the institute 
will spend $23 million this year. 

E-cigarettes have been around in some 
form for decades but began to soar in popu- 
larity about 5 years ago, thanks to thousands 
of flavoring options and new delivery meth- 
ods that more closely mimic smoking. Today, 
about 13 million people in the United States 
use them, as do millions more worldwide. 
In March, one hazard emerged when acute 
lung injuries began to strike; U.S. cases now 
approach 2300, with 47 deaths. “We were 
all taken by surprise” by those lung injuries, 
says Peter Shields, a medical oncologist who 
specializes in lung cancer at Ohio State Uni- 
versity Comprehensive Cancer Center in 
Columbus. They look unlike anything seen 
in cigarette smokers. Health officials now 
suspect the injuries are linked to a vitamin 
E oil added to e-cigarettes containing tetra- 
hydrocannabinol, better known as THC. 

Animal studies are already yielding clues 
about longer term effects of e-cigarette 
use. In September, a paper in The Jour- 
nal of Clinical Investigation described 
mice exposed to e-cigarettes for 4 months, 
nearly one-quarter of their life span. 
Farrah Kheradmand, a pulmonologist at 
Baylor College of Medicine in Houston, 
Texas, who led the work, says that, at first, 
“There was absolutely no emphysema, 
nothing” in the animals that inhaled aero- 
sol from e-cigarettes. That finding jibes 
with earlier research showing combustion 
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products are the cause of airway inflam- 
mation in smokers. 

Then Kheradmand’s graduate student 
Matthew Madison showed her slides of the 
animals’ lung tissue. She did a double take. 
Immune cells called macrophages were swol- 
len with fat, an abnormality. Kheradmand 
guessed at first that the cells had gorged on 
vegetable glycerin, which is used as a solvent 
in vaping liquids. But when the scientists 
cracked open the macrophages, they found 
they were mistaken. “I couldn’t sleep at 
night,’ Kheradmand says. “Where is this fat 
coming from?” 

Further experiments revealed a likely ex- 
planation. Macrophages protect the body 
from infections, but they also help recycle 
lung surfactant, a mix of proteins and lipids 
that coats the inside of lung air sacs and aids 
gas exchange. Vegetable glycerin and another 
solvent in e-cigarettes, propylene glycol, are 
“capable of not only dissolving nicotine, but 
dissolving anything that comes their way— 
including the surfactant,’ Kheradmand says, 
and her work suggests the macrophages 
were filled with the type of fat in surfactant. 
Affected mice seemed healthy, but when 
Kheradmand exposed them to a flu vi- 
rus, those with swollen macrophages died, 
suggesting their ability to battle infection 
had weakened. 

Another vexing concern is whether, like 
smoking, vaping can lead to cancer. Scien- 
tists believe e-cigarettes are likely to be less 
carcinogenic than tobacco, but last month, 
a team from New York University School of 
Medicine in New York City reported in the 
Proceedings of the National Academy of Sci- 
ences that mice exposed to e-cigarettes for 
54 weeks had an increased risk of lung can- 
cer and showed changes in bladder cells that 
presage cancer there. 

No one knows whether the mouse find- 
ings will translate to people. But they reveal 
“some of the things we should be looking 
for,” says Thomas Eissenberg, a psycho- 
logist who co-directs the Center for the Study 
of Tobacco Products at Virginia Common- 
wealth University in Richmond and serves 
as a paid consultant in litigation against the 
tobacco and e-cigarette industries. 

Eissenberg is among those pushing for 
more human studies. He has applied for 
funding to work with colleagues who 
would perform bronchoscopies on healthy 
e-cigarette users and healthy controls. 
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Unlike, say, the skin or the gut, which 
are adapted to manage outside assaults, 
“The lungs don’t have a powerful defense 
mechanism,” he says. “Once things get into 
the lungs, they can cause a lot of trouble.” 
Eissenberg wants to look for the lipid-filled 
macrophages Kheradmand saw in animals. 
And, he adds, “I’m worried about the throat 
and the upper airways.” Vegetable glycerin 
and propylene glycol can dry up tissues, and 
they're being inhaled across “membranes 
that are trying to be kept moist,” Eissenberg 
says. “I wonder what the long-term effects 
of that aridity are going to be.” 

Shields is one of few researchers who 
has already probed human lungs for e- 
cigarettes’ effects. Last month, his group 
published a paper in Cancer Prevention Re- 
search that compared 15 healthy volunteers 
who used e-cigarettes without nicotine for 
4 weeks with 15 people who never smoked 
or vaped. (He did the study before con- 
cerns about acute lung injuries surfaced.) 
Bronchoscopies on the vaping volunteers 
showed minimal but measurable signs of 
inflammation in lung tissue and lung fluid. 
He is now recruiting for a larger trial of 
145 people, to include smokers transition- 
ing to e-cigarettes, as well as long-term e- 
cigarette users. It will look for markers of 
inflammation; gene expression patterns; 
the balance of bacteria in the lungs, mouth, 
and throat; and other signs of lung health 
and disease. “I have no idea what weve go- 
ing to see,” Shields says. 

Because cigarette smoking causes cardio- 
vascular disease, researchers wonder whether 
vaping has similar effects. A study this month 
in the Journal of the American College of 
Cardiology found some improvements in 
heart health among 74 smokers who switched 
to e-cigarettes. But both habits deliver a host 
of chemicals that are absorbed across the lin- 
ing of the lungs. And concerns remain about 
nonsmokers who take up the habit, as well 
as smokers who try vaping to quit their habit 
but end up using both forms of nicotine. 

Stein is now recruiting 440 volunteers, all 
of whom either use e-cigarettes exclusively, 
smoke and use e-cigarettes, or do neither. 
His team is gathering physiological measure- 
ments before and after vaping or smoking, 
including heart rate, blood pressure, artery 
thickness and stiffness, and aerobic function 
while running on a treadmill. The research- 
ers will also collect data on the e-cigarettes 
themselves, to see whether different prod- 
ucts vary in their health effects. 

It was decades before science laid bare 
the long-term risks of cigarettes to human 
health. Stein and others are hoping that 
for e-cigarettes, that timeline will be far 
shorter. Right now, he says, “We have no 
idea what the harm is.” 
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Top Chinese scientist faces 
questions about publications 


Case seen as a test of China's efforts to improve research 
integrity and crack down on scientific misconduct 


By Dennis Normile 


ne of China’s most prominent scien- 
tists is facing a barrage of questions 
about images in dozens of papers 
produced by laboratories he leads. 
The Chinese Academy of Engineering 
has launched an investigation of the 
publications, by immunologist Cao Xuetao, 
president of Nankai University in Tianjin, 
and the case is getting ex- 
tensive attention in both 
traditional and social media. 

Cao has defended the 
scientific validity of the 
papers, says he is coop- 
erating with the review, 
and has promised to work 
with journals to correct 
any errors. “I most sin- 
cerely apologize for any 
oversight on my part,’ he wrote on 
17 November on PubPeer, the publications 
review website where researchers first 
raised questions about the papers. 

The episode highlights long-standing 
concerns about China’s scientific enter- 
prise, observers say, including whether star 
scientists can effectively oversee the far- 
flung research empires they often lead, and 
whether officials are making progress in 
stamping out chronic research misconduct. 

Cao’s work came under scrutiny after 
microbiologist Elisabeth Bik, a consultant 
in San Francisco, California, who searches 
for doctored images in papers, noted on 
PubPeer that several images in a 2009 pa- 
per in The Journal of Immunology “look un- 
expectedly similar. ... Could the authors 
please explain what happened here?” she 
wrote on 14 November. “I am not accusing 
anyone of misconduct,’ Bik subsequently 
tweeted. The duplications “might just be hon- 
est errors.” Other PubPeer contributors soon 
raised concerns about additional papers. 

On 18 November, China’s engineering 
academy told local media that it would in- 
vestigate, but provided no details. 

The case has renewed discussion in China 
about the power wielded by elite scientists 
such as Cao, who simultaneously leads one 
of the nation’s top universities and directs 
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“The cost of research 

misconduct is either 
very low or does 

not exist in China.” 


Xiaotian Chen, 
Bradley University 


three additional laboratories or institutes in 
different cities. Running Nankai University 
likely “demands 100% of his efforts,’ says 
Cao Cong, a science policy expert at the Uni- 
versity of Nottingham’s campus in Ningbo, 
China. (He is not related to Cao Xuetao.) 
That means Cao Xuetao must rely on large 
teams of graduate students and postdocs to 
do the actual research, says Huang Futao, 
a higher education scholar at Hiroshima 
University in Japan. But 
such high-flying scientists 
often “do not have sufficient 
time or energy to supervise” 
those researchers, he notes. 

At least one-quarter of the 
retracted papers recorded 
by the website Retraction 
Watch this year were by 
Chinese authors, says Xiao- 
tian Chen, a library and in- 
formation scientist at Bradley University in 
Peoria, Illinois. The country has launched 
several initiatives to improve the record, 
and Cao Xuetao has been involved in such 
efforts. On 13 November, he gave a speech to 
some 6000 people in the Great Hall of the 
People in Beijing that touched on research 
“integrity, ethics, and morality.” The talk 
was streamed to universities and 800,000 
students watched, according to China’s Xi- 
nhua News Agency. 

“But it is hard to change the culture,’ 
Chen says. “The cost of research mis- 
conduct is either very low or does not exist 
in China. Academic misconduct in the U.S. 
and Europe usually leads to resignation or 
dismissal, but that practice is not very com- 
mon in China.” 

How the authorities handle the Cao 
Xuetao review will be a test case, says 
Cao Cong. Over the past 2 years, key gov- 
ernment, Communist Party, and scientific 
bodies have issued guidelines for research 
integrity and set penalties for misconduct. 
If Cao Xuetao is found guilty of violating 
those rules but no action is taken, he says, 
“it means that various policies to main- 
tain the integrity of scientific research are 
empty talk.” 


With reporting by Bian Huihui. 
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Europe’s 35-meter 
parachute in a 2018 test 

\ in Sweden. It will be the 
largest ever on Mars. 


European Mars rover in a ‘race 
against time’ to fix parachutes 


ExoMars team looks to NASA for help after unexplained 


parachute tears 


By Daniel Clery 


etting a probe safely to the surface of 

Mars is not easy: Numerous landing 

attempts have ended in a crash. Suf- 

ficiently slowing a lander in the thin 

air requires plenty of sophisticated 

kit, including designer heat shields, 
powerful retrorockets, and, sometimes, gi- 
ant airbags. But the European-Russian Exo- 
Mars mission is struggling with a piece of 
18th century technology: parachutes. 

High-altitude tests earlier this year re- 
vealed that ExoMars’s chutes were tearing 
as they were pulled from their bags. The 
European Space Agency (ESA) has turned 
to NASA colleagues for help, and this week, 
a joint team began tests to see whether re- 
designed bags and chutes now work, and if 
not, why. It could be their last chance to fix 
the problem and preserve a launch set for 
next summer—or face 2 years of delay. “It’s a 
race against time,” says David Parker, ESA’s 
director of human and robotic exploration 
in Noordwijk, the Netherlands. 

The ExoMars mission, Europe’s largest 
ever planetary mission and first Mars rover, 
has been in gestation since 2001. The golf 
cart-size rover, named after British DNA 
pioneer Rosalind Franklin, will look for 
signs of life. It is just one-third of the size of 
NASA’s Mars 2020 rover, which will gather 
rocks for eventual return to Earth (Science, 
22 November, p. 932). But uniquely, it has 
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a drill that can burrow 2 meters below 
ground to sample material that has been 
shielded from the harsh radiation that bom- 
bards Mars’s surface. “It’s a hostile place 
for life, so you have to dig deeper,’ says 
Andrew Coates of University College Lon- 
don, principal investigator of the rover’s sci- 
ence camera system. 

About 10 years ago, ESA teamed up with 
NASA to transport its rover in a U.S. lander. 
But in 2012, when the U.S. side pulled out 
for budgetary reasons, ESA had to find a 
new landing craft. The agency teamed up 
with its Russian counterpart, Roscosmos. 
Russia’s landing system does not have retro- 
rockets as powerful as NASA’s, so ESA had 
to devise larger parachutes to slow the craft 
for landing, says Francois Spoto, ExoMars 
project manager in Noordwijk. 

The parachutes are just one step in a 
hair-raising descent. But because they un- 
furl and inflate in unpredictable ways, they 
are considered risky. When the approaching 
spacecraft first hits the thin martian atmo- 
sphere, drag on its heat shield slows it from 
21,000 to 1700 kilometers per hour. Then, a 
15-meter-wide parachute, with a large, ring- 
shaped gap to cope with the supersonic air- 
flow, slows the craft to 400 kilometers per 
hour. That chute is jettisoned and followed 
by a 35-meter parachute, the largest ever de- 
ployed in a descent to Mars, with multiple 
ring-shaped slots that create higher drag at 
low speeds. When that chute has done its 
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work, it, too, is jettisoned, and at an altitude 
of 1 kilometer retrorockets take over to lower 
the 2000-kilogram lander to the surface. “It’I1 
be a real finger-biting time,’ Coates says. 

ESA’s 2016 lander, Schiaparelli (Science, 
28 October 2016, p. 397), tested the 
15-meter chute. Although the chute did its 
job, a software error caused the craft to 
think it had landed when it was still 4 kilo- 
meters high. The parachute was released, 
thrusters were turned off, and Schiaparelli 
crashed. “Let’s hope this goes better this 
time,” says Francesca Esposito of the As- 
tronomical Observatory of Capodimonte in 
Naples, Italy, whose instrument DREAMS 
was destroyed in the crash. Her new instru- 
ment on the ExoMars lander, called Micro- 
MED, will study how martian dust forms 
and how it affects the atmosphere. 

In May, engineers tested the two-chute 
system in Sweden, dropping it from a bal- 
loon at an altitude of 30 kilometers, bet- 
ter to mimic the thin air of Mars. Both the 
15-meter and 35-meter chutes tore while 
being pulled from their bags. ESA made ad- 
justments, reinforcing the parachutes and 
lining the bags with Teflon to make them 
more slippery. But in an August test, the 
chutes tore catastrophically. 

ESA sought help from NASA’s Jet Propul- 
sion Laboratory (JPL) in Pasadena, Cali- 
fornia, which has designed parachutes for 
many successful Mars landings. In Septem- 
ber, ESA staff traveled to JPL for a 3-day 
workshop. “It was very open. We received 
some critical comments on the design,” 
Spoto says. Two JPL engineers traveled to 
Europe to inspect the damaged chutes and 
suggested a different lacing system for the 
bags, which ESA has now adopted. 

This week, tests on these new chutes will 
begin at JPL. The chutes will be hydrauli- 
cally pulled from the bags in a series of tests, 
which will gradually ramp up to full extrac- 
tion speeds of 60 meters per second. If the 
tests are successful, engineers will perform 
more high-altitude drop tests in Oregon 
in February and March 2020. That would 
leave just enough time for the redesigned 
chutes to be installed on the spacecraft in 
Cannes, France, before it is shipped to the 
Baikonur Cosmodrome in Kazakhstan for 
its summer launch. “It’s very challenging, 
but it’s doable,” Parker says. 

A final check would come in late April 
2020, when the parachute system must 
pass a qualification review by senior ESA 
experts. If the parachutes miss that dead- 
line, “it’s bye-bye for 2 years,’ Spoto says— 
until the next time orbital mechanics bring 
Mars into line for a suitable launch window. 
Esposito, who has already seen one of her 
dreams dashed, would rather be safe than 
sorry. “I'll be happy to wait,” she says. & 
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A SHOT OF HOPE 


The first malaria vaccine is finally being rolled out— 
despite limited efficacy and nagging safety concerns 


By Jop de Vrieze, in Malawi; Photography by Thoko Chikondi 


n a small room at the Phalula Health 
Centre in southern Malawi's Balaka dis- 
trict, two young mothers are sitting on 
a wooden bench, each with a 5-month- 
old baby on their lap. Across from them, 
behind a desk, sits Alfred Kaponya, a 
community health worker. A colleague 
is busy preparing a vaccine, tapping the 
syringe to dislodge bubbles. Kaponya 
explains the procedure to the women, writes 
down the vaccines’ serial numbers in the chil- 
dren’s vaccination booklets, and copies them 
onto a spreadsheet in his binder. 

Then, one of the mothers bares her son’s 
thigh for the shot; he starts to cry, and she 
strokes his back. The procedure is repeated 
for the other baby, a girl. 

It may sound routine, but it’s not. These 
two children have just received the first 
malaria vaccine to move beyond the stage 
of clinical testing—a landmark event in the 
battle against a disease that each year takes 
more than 400,000 lives, most of them chil- 
dren in Africa. Thirty years in the making, 
RTS,S, also known by its brand name, Mos- 
quirix, targets Plasmodium falciparum, the 
most common and most lethal of four ma- 
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laria parasite species. It is an answer to a dire 
need. After decades of declining numbers of 
cases and deaths, the fight against malaria 
has stalled. Parasites resistant to the most 
widely used treatment, called artemisinin- 
based combination therapy, are spreading, 
while malaria mosquitoes are increasingly 
resistant to insecticides. 

And yet the rollout, here and in two other 
African countries, isn’t quite the break- 
through the field has been waiting for. Mos- 
quirix’s efficacy and durability are mediocre: 
Four doses offer only 30% protection against 
severe malaria, for no more than 3 years. 
Some experts question whether that is worth 
the cost and effort. And it may yet turn out 
that Mosquirix doesn’t even prevent severe 
malaria, but merely postpones it. 

The biggest concerns, however, are about 
the vaccine’s safety. In the largest trial, chil- 
dren who received Mosquirix had a risk of 
meningitis 10 times higher than those who 
received a control vaccine. Mosquirix may 
not have triggered the meningitis cases— 
there are other possible explanations—but 
the possible risk worried the global health 
community so much that, rather than roll- 
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ing out the vaccine across Africa, the World 
Health Organization (WHO) in 2015 decided 
to set up a pilot in Malawi, Ghana, and Kenya 
in which the vaccine will be given to hun- 
dreds of thousands of children. 

The pilot is not a clinical trial, but a 
closely monitored vaccination campaign to 
collect more data to make sure Mosquirix 
is safe and effective before wider intro- 
duction. “I think the pilot is a scientific 
and pragmatic way to move forward,” says 
Marcel Tanner, a former director of the 
Swiss Tropical and Public Health Institute 
in Basel who has been involved in several 
clinical studies with the vaccine. “It is a way 
to monitor all the aspects of the vaccine and 
watch if something happens.” 

But monitoring the vaccinated children 
is a daunting task in a country like Malawi, 
which lacks digital systems to record health 
and mortality statistics. “When we decided 
a pilot was needed, we did not take into ac- 
count the practical implications,’ acknowl- 
edges epidemiologist Peter Smith of the 
London School of Hygiene & Tropical Medi- 
cine (LSHTM), a scientific adviser to the 
pilot. And critics are still skeptical the pilot 
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will deliver a clear verdict about Mosquirix’s 
potential in the real world. 


THE MALARIA PARASITE is a challenging tar- 
get for a vaccine. It has a complex life cycle 
that begins when an infected female mos- 
quito bites a human and spits Plasmodium 
cells called sporozoites into the bloodstream. 
They multiply in the liver, emerge as another 
cell type named merozoites, invade red blood 
cells, and continue to multiply. The blood 
cells burst, causing fever, headache, chills, 
muscle aches, and often anemia. (They also 
flood the blood with gametocytes—the para- 
site’s reproductive cells—ready to be picked 
up by the next mosquito.) Along the way, the 
parasite frequently changes its surface pro- 
teins. That makes it an elusive target for the 
immune system, and for a vaccine. 
Mosquirix, developed in the 1980s by a 
team in Belgium at SmithKline-RIT, now 
part of GlaxoSmithKline (GSK), stimulates 
an immune response against a protein that 
occurs only on the sporozoites’ surface. To 
bolster the response, the research team fused 
the vaccine protein with a hepatitis B surface 
protein and added an adjuvant. “Many peo- 
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ple were very skeptical at the time, because 
there had been so many attempts done and 
so many failures,’ says molecular biologist 
Joe Cohen, who led the effort until he retired 
from GSK in 2012. 

But results of the first large trial, among 
2000 children aged 1 to 4 in Mozambique, 
were promising: Malaria infections during 
the first 6 months after vaccination were 
down 58%, Cohen and his colleagues re- 
ported in a 2004 paper in The Lancet. An 
even larger trial enrolled 15,000 children in 
seven African countries between 2009 and 
2011 and had mixed results. Among babies, 
the efficacy was close to zero. That dashed 
hopes that the vaccine could protect the 
most vulnerable group and that it could be 
given together with other routine infant vac- 
cinations, Smith says. But among children 
between 5 months and 25 months of age, ma- 
laria infections overall were down by 40%, 
and severe infections 30%. 

Those are paltry numbers compared with 
the measles vaccine, which is 97.5% protec- 
tive. “But nobody really expected to get very 
high efficacy because malaria is such a com- 
plicated disease,” Smith says. The trials also 
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Emily Phadzula from Bereu, Malawi, holds her 


daughter Margaret, who has received three doses 
of Mosquirix, the first malaria vaccine (left). 


revealed that, even after three shots given 
1 month apart, protection drops to near 
zero in about a year and a half. A booster 
shot given at that point bolsters the protec- 
tive effect, but it tapers off again in another 
18 months. Still, even a short-lived, partly ef- 
fective vaccine “could already make a huge 
difference,’ Smith says. Cohen notes that it 
offers some protection during a crucial pe- 
riod: “The real period during which children 
are at risk of severe disease and death is un- 
der 5 years old.” 

The European Medicines Agency (EMA) 
agreed. In July 2015, it declared the vaccine 
was safe and effective enough to be intro- 
duced in Africa, under a special procedure 
designed to help regulatory agencies in de- 
veloping countries make decisions. 

That didn’t end the doubts. Some scientists 
feared the vaccine would be less effective in 
the real world than in studies, says LSHTM 
malaria researcher Brian Greenwood, who 
led the trial, because people might count on 
the vaccine for protection and become less 
careful. “What if people no longer went to 
sleep under their mosquito nets or parents 
no longer brought their feverish child to a 
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clinic for a malaria test? That would have to 
be monitored,” he says. Others worried that 
the money spent on Mosquirix would come 
at the expense of other malaria prevention 
methods. A full series of four shots costs 
about $20, versus $5 for a mosquito net and 
$1.50 to give a child malaria drugs prophy- 
lactically, during the rainy season. “There are 
effective measures available that we can use 
even better,’ says Micaela Serafini of Doctors 
Without Borders in Geneva, Switzerland. 
The safety data, meanwhile, were puzzling. 
About 20 of the 6000 children vaccinated 
against malaria in the seven-country trial 
contracted meningitis, compared with one of 
3000 children in the control group, who re- 


THE DEBATES ABOUT MOSQUIRIX came to a 
head at a meeting at WHO headquarters 
in Geneva in October 2015. Proponents of 
rolling out the vaccine, including many Af- 
rican representatives, argued that an imper- 
fect vaccine was better than none. Others, 
mainly vaccine experts, argued that Mos- 
quirix just wasn’t safe and effective enough 
for introduction. 

A relative outsider at the meeting, Dan- 
ish anthropologist and vaccine researcher 
Peter Aaby of the Bandim Health Project in 
Guinea-Bissau, offered another argument 
against introduction. After reanalyzing the 
data from the biggest trial, Aaby discovered 
that although the vaccinated children had 


Many ways to thwart a parasite 


Malaria vaccines in development interfere with many different parts of the parasite’s complex life cycle. 
Mosquirix targets so-called sporozoites after they are injected by a mosquito and before they move to the liver. 
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ceived a rabies vaccine—a 10-fold increase in 
risk. One-third of the children with menin- 
gitis died. The research team and EMA both 
think this outcome was a fluke. The menin- 
gitis episodes occurred at random intervals 
after vaccination, most of them at two of the 
seven study sites, and there is no good ex- 
planation for why Mosquirix would lead to 
meningitis, the authors of the Lancet paper 
argue. Other scientists have suggested the 
difference may be due to the rabies vaccine 
that control children received. That group 
had a remarkably low rate of meningitis 
—suggesting the rabies vaccine may some- 
how prevent it. 


1064 29 NOVEMBER 2019 » VOL 366 ISSUE 6469 


2 Parasites 
replicate in liver, 
form merozoites. 


Sporozoites 


® 
e° 
a) 


; C) 
Merozoites ——e 


® 
16) 
6) 
Se, ° 
e 


= 
: nd 
3 re 3 Parasites 
5 . replicate inside red 
Roy ose blood cells that 
5 Ola of burst. Symptoms 
ey first develop. 
°° 
Gametocytes OY 


4 Male and female 
gametocytes form, ready to be 
picked up by another mosquito. 


malaria less often, they did not die less of- 
ten. Among girls, overall mortality was al- 
most doubled, Aaby told his colleagues at 
the meeting. “This vaccine is killing girls,” 
he recalls saying. Whereas WHO expects the 
vaccine to save one life per 200 children vac- 
cinated, Aaby believes one in 200 will die as a 
result of it; he predicts “a nightmare.” 

Aaby and Christine Stabell Benn, a global 
health professor at the University of South- 
ern Denmark, have an explanation. The mar- 
ried couple has studied routine vaccinations 
in Africa for decades and believes vaccines 
can “train” the immune system in ways that 
don’t affect just the target disease. Vaccines 
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that contain a living, weakened pathogen— 
such as the vaccines against measles and 
tuberculosis—strengthen the immune system 
generally, Aaby and Stabell Benn say, mak- 
ing recipients better able to fight off other 
infections. But vaccines that contain a killed 
pathogen or only bits of it weaken the im- 
mune system, their theory goes—especially in 
girls, because their immune systems seem to 
respond more strongly to vaccines in general. 

Few share Aaby’s concerns about Mos- 
quirix. WHO’s Mary Hamel, who leads the 
Mosquirix pilot from Geneva, says the trial 
was not designed to study mortality. Just be- 
ing enrolled in the trial meant children re- 
ceived better care, and their mortality was 
70% lower than among children near the 
study sites who weren’t enrolled. “So, the 
difference does not tell us anything about 
reality,’ she says. Tanner says Aaby has “en- 
riched our field” but “has turned a bit into 
a missionary with regard to the nonspecific 
immune effects. I am confident that the vac- 
cine will have an overall positive effect on 
mortality.” Yet Aaby’s presentation at the 
meeting intensified the doubts. At one point, 
it appeared the vaccine might be abandoned 
altogether, Greenwood says. 

To address the concerns, the attendees 
agreed to the three-country pilot. In each 
country, the WHO team and the national gov- 
ernment would randomly select areas where 
about 120,000 children annually would re- 
ceive the vaccine between 2019 and 2022. Re- 
searchers would monitor how well the rollout 
went and compare rates of malaria, meningi- 
tis, and other diseases, as well as mortality, in 
vaccinated and control areas. 


MALAWI WOULD WELCOME an effective vac- 
cine. It has seen progress in the fight against 
malaria—primarily thanks to mosquito 
nets, rapid diagnostics, and improved ac- 
cess to treatment. Ten years ago, about 60% 
of children were infected at any given mo- 
ment, versus 17% today. But Don Mathanga, 
director of the Malaria Alert Centre at the 
University of Malawi in Blantyre, says the 
current infection rate is “not a figure that 
we are very content with.” The death toll 
was about 7000 in 2017 and, as in many 
other countries, the decline has stalled. “So 
we were very happy to be selected as a pilot 
country,’ Mathanga says. 

So are many parents. At the Queen Eliza- 
beth Central Hospital in Blantyre, Jaquiline 
Masomba, 32, is dabbing the head of her 
3-year-old son Edson with a washcloth. He 
probably contracted malaria from a mos- 
quito that found its way through a hole in her 
worn-out bed net, she says. “For our living I 
depend on alcohol distillation,” Masomba 
says. “And my business has been on hold for 
2 weeks” as she cares for Edson. Masomba 
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The long road to a lackluster vaccine 


Development of Mosquirix began in the 1980s. A pilot rollout now underway will help determine whether it should be introduced widely in Africa in the next decade. 
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had never heard about the vaccine, but now 
says: “Of course I would like to have it when 
it becomes available.” 

Violet Wilson, 26, in the southern village 
of Nkwazi, explains that she tries everything 
to keep her 5-month-old son from becoming 
infected. Cracks and holes in the walls of her 
brick house are smeared with loam to keep 
mosquitoes out. Wilson and her son sleep un- 
der a mosquito net every night. If her baby 
gets a fever, she’ll rush him to a clinic, Wilson 
says. She was delighted to hear about the ar- 
rival of the vaccine, but her son can’t get it 
because they live in a control area. 

Emily Phadzula, 30, from the nearby 
town of Bereu, was luckier: In late April, her 
daughter Margaret, then 5 months old, was 
the first child in her village to be vaccinated. 
Sitting on the doorstep of her concrete house 
and tightly holding Margaret, who is wearing 
a pink sweater, Phadzula explains she heard 
about the vaccine during a community meet- 
ing. “I didn’t have any doubts,” she said. “I 
was very happy that after having to see my 
other children suffer so much, finally this 
child could be better protected.” Margaret has 
had no side effects except a slight fever—and 
no malaria. Phadzula says she recommends 
the shots to other mothers. 

By September, almost 35,000 children in 
Malawi had received at least one shot. Get- 
ting the vaccine to these children has been 
straightforward, but collecting follow-up in- 
formation is a challenge. “In trials, you have 
a controlled environment. You know where 
the participants are, keep track of them, if 
there is an issue you take care of them,” says 
Bernhards Ogutu, a pediatrician and malaria 
researcher at the University of Nairobi who 
is involved in Kenya’s vaccine pilot program. 
“But in the pilot, once you've given the child 
the vaccine, they go home.” 

As a first step to monitoring them, re- 
searchers in Malawi have set up a surveil- 
lance system in four “sentinel hospitals” that 
treat both vaccinated and unvaccinated chil- 
dren. Comparing data about illness and mor- 
tality should show the vaccine’s impact, says 
pediatrician Tisu Mvalo of the University of 
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North Carolina Project-Malawi in Lilongwe. 
“We had to train hospital staff to collect these 
data. We hope that the numbers will be big 
enough to detect potential differences.” 

Keeping track of children who die outside 
the hospitals is even harder. “Unfortunately, 
we still have no death registration in this 
country,’ Mathanga says. Instead, the team 
built a new system based on a cultural prac- 
tice: In rural Malawi, town chiefs must al- 
locate a place for the dead to be buried. The 
researchers figured they would know which 
children have died. Many chiefs are illiter- 
ate, however, so they had to be assigned an 
assistant. Pilot evaluation staff use motor- 
bikes to visit the chiefs regularly and collect 
the paper files; they also interview relatives 
of deceased children to identify the most 
likely cause of death. But these “verbal au- 
topsies” aren’t always correct. 


MEANWHILE, the pressure to deliver results 
is rising. In April, WHO’s vaccine advisory 
committee said it would assess any impact 
of Mosquirix on meningitis, severe malaria, 
and mortality—and determine whether the 
vaccine can be introduced in the rest of 
Africa—after just 2 years, instead of the 


Health worker Dennis Nkuma opens a vaccine registry 
book in a health center in southern Malawi. 
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five originally planned. “The evaluation 
will continue, but we don’t want to keep 
the rest of Africa waiting any longer,’ says 
David Schellenberg, who left LSHTM in 
2016 to join the team at WHO. Another 
reason to hasten the decision is that GSK 
needs to know whether it can continue pro- 
duction, Schellenberg says. 

Whether the researchers will have 
enough data to make a decision remains to 
be seen, however. In Kenya, the pilot was 
delayed by 4 months, apparently because 
the government was overwhelmed by the 
implementation of universal health care. In 
Ghana, an advocacy group called the Coali- 
tion for Ghana’s Independence Now called 
for a boycott of the vaccine in May, asking 
for an injury compensation program simi- 
lar to the one in the United States, to help 
those who might be harmed by Mosquirix. 
That, too, might cause delays. What’s more, 
a declining number of meningitis cases and 
deaths in the three countries—although 
good news—may mean researchers need to 
continue the pilot longer than expected to 
detect statistically significant differences. 

Aaby says showing whether the vaccine 
increases mortality among girls might also 
take longer than planned. He worries that 
even without a clear safety verdict, the 
global health community will exert enor- 
mous pressure to get the vaccine approved 
around Africa. But the WHO team in Geneva 
remains confident it will know whether the 
benefits are worth any risks. “We have a lot 
of checks on the evaluation. So, this setup 
should do it,’ Hamel says. 

Many people in Malawi have no doubts. 
“The community has welcomed the vac- 
cine,” Kaponya says, after he closes the door 
behind the two women and their newly vac- 
cinated babies. “The only challenge we are 
having here, is that people from the non- 
vaccine areas come and ask for it.” & 


Jop de Vrieze is a science journalist in Amsterdam. 
With reporting by Saulos Jali in Malawi. 

This story was supported by the European 
Journalism Fund. 


29 NOVEMBER 2019 * VOL 366 ISSUE 6469 1065 


610d ‘| 4aque09q UO /Hio BewadUaIDS's0UaINS//:dj}y WO1y PapeojuUMOq 


* POLICY FORUM ~~ 


———————————— . 


CYBER RISK 


Cyber risk research impeded 
by disciplinary barriers 


Security progress requires cross-disciplinary collaboration 


By Gregory Falco'3, Martin Eling’, Danielle Jablanski>, Matthias Weber®’, Virginia Miller®, 
Lawrence A. Gordon™°, Shaun Shuxun Wang", Joan Schmit”, Russell Thomas“, 

Mauro Elvedi*5, Thomas Maillart**, Emy Donavan”, Simon Dejung®, Eric Durand”, 
Franklin Nutter?°, Uzi Scheffer”, Gil Arazi”, Gilbert Ohana’, Herbert Lin?*2562728.29 


yber risk encompasses a broad spec- 
trum of risks to digital systems, such 
as data breaches or full-fledged cyber 
attacks on the electric grid. Efforts to 
systematically advance the science 
of cyber risk must draw on not only 
computer science but also fields such as be- 
havioral science, economics, law, manage- 
ment science, and political science. Yet, many 
scholars believe that they have sufficient 
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understanding of other fields to compre- 
hensively address the inherently cross-disci- 
plinary nature of cyber risk. For example, a 
statistician might apply Bayesian modeling 
to predict future cyber events, even though 
it is not entirely clear what bearing historical 
cyber events have on future ones. Computer 
scientists might write on data protection 
laws, yet with little knowledge of legal juris- 
diction issues. Such questions of disciplinary 
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ownership, the inability to coordinate across 
disciplines, and the undefined scope of the 
problem domain have thus plagued inher- 
ently cross-disciplinary cyber risk research. 
Drawing on global expertise and challenges 
from industry, academia, nonprofit organi- 
zations, and governments, we adapted the 
classical risk-management process to identify 
core research questions for cyber risk, gaps 
in knowledge that need to be addressed for 
advances in security, and opportunities for 
cross-disciplinary collaboration for each area. 
Although we mention specific disciplines re- 
flective of our backgrounds, these are not the 
only ones that should be conducting cyber 
risk research. 


CYBER RISK TRADECRAFT 

We consider cyber risks to include “opera- 
tional risks to information and technology 
assets that have consequences affecting the 
confidentiality, availability, or integrity of 
information or information systems” (J). 
But the scope of cyber risk has nonetheless 
been difficult to characterize because there 
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is disagreement about what a cyber event 
and other pertinent terminology actually 
entail. Some organizations consider a cy- 
ber event to be any unknown connection 
attempt to their network, but others only 
consider successful unauthorized access 
to their network. Still others only consider 
instances when “loss” is experienced. Such 
definitional ambiguity is problematic, mak- 
ing it difficult to benchmark security or risk 
across an industry or even within the same 
organization. For the purpose of establish- 
ing a body of knowledge, clear and consis- 
tent terminology is essential (2). 

Recently, there has been welcome prog- 
ress. For example, the International Organi- 
zation for Standardization established cyber 
guidance for insurance and machinery. But 
as seen with the U.S. government’s National 
Institute of Standards and Technology’s cy- 
bersecurity framework, implementation has 
faltered among those seeking to use the “gold 
standard” of cyber risk management. One 
important reason is the high costs associ- 
ated with appropriate security controls and 
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the lack of qualified people to implement 
the standard. In our view, in addition to in- 
creased convergence on cyber guidance and 
standards, there is need for a standard of care 
that defines how an organization can proceed 
with enacting a standard. By addressing cy- 
ber risk terminology, standards, and imple- 
mentation principles in a cross-disciplinary 
fashion, such guidance can be interpretable 
and usable by a wide variety of companies 
and nonprofit and governmental organiza- 
tions that have different agendas. Diversity of 
thought will likely contribute to richer cyber 
risk insights. 

There is also value to classifying the variety 
of cyber risks so that they can be addressed 
appropriately. For example, cyber risks can 
be classified by motivation (such as financial 
or reputational), type of attack (such as mal- 
ware, insider attack, spam, or distributed de- 
nial of service), and source (such as terrorists, 
criminals, or government). Clarification on 
types of cyber risk can help to develop a com- 
mon language for the science. Progress has 
been made by the nonprofit MITRE Corpora- 
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tion in classifying risk types and establishing 
terminology. But adaptations of classical risk- 
Management tools such as early detection 
systems or risk maps are still in their infant 
stages, also because of measurement and 
quantification difficulties. 

An example of disciplines that could benefit 
from collaborating on this topic is computer 
science and law. Increasingly, legislation is 
being proposed about technical attributes 
of cyber risk. Computer scientists should 
contribute to proposed technical regulatory 
requirements and definitional boundaries. 
Without collaboration here, legislators will 
continue to develop reactive measures that 
run the risk of rapid obsolescence as newer 
technologies are more widely adopted. 


MEASURING RISK AND ITS COSTS 
Consistent metrics for loss frequency and se- 
verity that can communicate the extent of cy- 
ber risk are important to understanding how 
well an organization is prepared for cyber 
risks. Standardized risk management con- 
cepts such as “value at risk” may also enable 
organizations to understand the cost and 
benefits of investing in cybersecurity. 

Security always involves tradeoffs (3). The 
tradeoff might be convenience, money, or 
technological progress. These tradeoffs can 
be abstracted into metrics and ultimately 
used in models to assess cyber risk costs (4). 
A science of cyber risk will help to address 
deficiencies in decision-support models, 
which are often formulated ad hoc for indi- 
vidual organizations based on point-in-time 
data and do not adequately capture cyber 
risk trends that could influence an organi- 
zation’s risk-management strategy (5). For 
example, the movement toward cloud pro- 
viders is a way for organizations to outsource 
computing security infrastructure. An orga- 
nization reaps considerable benefits in cost 
and increased operational efficiency by mov- 
ing to the cloud. However, if a large number 
of organizations move to a monoculture of 
cloud providers, the result could be the ex- 
posure of organizations to a new class of sys- 
temic risk related to systemic failures across 
multiple industries. Such risk would not be 
captured by point-in-time models; instead, 
analysis requires strategic interorganization 
decision science that could be enabled with 
cross-disciplinary research. 

Today, calculating indirect costs of cyber 
risk such as lost revenues or reputational ef- 
fects is imprecise at best. There are also gaps 
in measuring how a cyber event in one de- 
partment affects other departments through- 
out the organization. Current metrics do not 
capture bigger economic questions such as 
measuring risk across organizations. Estab- 
lishing organizational processes for cyber 
risk planning and enabling these plans with 
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measurable success metrics is another prob- 
lematic aspect of cyber risk that may also 
help drive organizational accountability. 
Nonprofit organizations such as the Factor 
Analysis of Information Risk Institute are 
working toward developing robust value-at- 
risk measurements, but more needs to be 
done as described. 

An example of cross-disciplinary collabo- 
ration on this topic could be on measuring 
risk across a portfolio of companies, sectors, 
or countries. Data scientists could use clus- 
tering techniques to determine what other 
types of catastrophic-loss scenarios are most 
akin to cyber. Then, economists could de- 
velop cyber loss scenarios that are consistent 
with and comparable with the other types of 
catastrophic-event loss scenarios. 


CYBER RISK AVOIDANCE 
Risk avoidance per se is a largely aspirational 
goal, given the dependence of modern society 
on digital technology. It is unrealistic to avoid 
all cyber risk, although it may 
be possible in some domains to 
eliminate certain kinds of cyber 
risk. One option is to design and 
use inherently secure systems 
(6). Most devices, networks, and 
systems, particularly Internet-of- 
Things devices, were built with- 
out security as a priority. Some 
new approaches to designing 
and building software and hard- 
ware systems aim to avoid cer- 
tain security issues entirely. For 
example, by designing operat- 
ing systems with built-in limita- 
tions on what processes they can 
run, certain risks are automatically avoided. 

Managerial options to avoid cyber risk in- 
clude minimizing the use of connected com- 
puting systems in certain environments. This 
is not a decision to be taken lightly, consid- 
ering the benefits that networking affords. 
However, the thought process behind choos- 
ing to unplug is important. Today, society de- 
faults to assuming connectivity is beneficial. 
Organizations must weigh the tradeoff be- 
tween convenience and security if they seek 
to avoid cyber risk. 

An example of cross-disciplinary collabo- 
ration that would advance understanding 


of this topic is between political science and 
management science. Many political scien- 
tists have sought to apply nuclear weapons- 
deterrence doctrine to cyber, but the parallels 
are often weak at best. Deterrence scholars 
could work with management scientists who 
have studied nontechnical attack and defense 
dynamics to understand what social dynam- 
ics theories may fit with their deterrence con- 
ceptualization. Together, they could arrive at 
alternative mechanisms to avoid risk. 


OPPORTUNITIES TO REDUCE RISK 

Many cyber-security researchers use a frame- 
work called the Parkerian hexad to evaluate 
opportunities to reduce risk. It outlines six 
elements of information security: confidenti- 
ality, possession or control, integrity, authen- 
ticity, availability, and utility (7). Increasingly, 
organizations understand that they cannot 
protect themselves from all risks all the 
time. They need to prioritize their systems, 
networks, and data security and evaluate op- 


“Encouraging disciplines to pursue 
their world view of each question 


is important, but the disciplines 
should recognize the limits of their 
expertise and collaborate...” 


portunities to reduce cyber risk across the 
hexad (8). The relative importance of each 
hexad element must be evaluated. 

One concrete step toward reducing cyber 
risk across the hexad is to share threat in- 
formation; if an organization shares recent 
attacks with others that may use similar 
systems, networks, or data, future attacks 
against others could be prevented (9). In- 
formation Sharing Analysis Centers (ISACs) 
exist across all critical infrastructure sectors 
in many countries to facilitate information 
sharing about cyber events, but they have 
not been equally successful. ISACs are only 


as effective as the member organizations’ 
participation. For example, the financial 
services ISAC is well regarded. One reason 
for its success is that the banking and finan- 
cial services regulators in the United States 
have required participation. Also, U.S. law 
protects consumers from banking and card 
services theft, which means that losses from 
such theft must be absorbed by the industry. 
This incentivizes companies in financial ser- 
vices to participate. Other ISACs likely will 
need similar incentives to spur participation. 
Studying why some sectors engage more ef- 
fectively with their ISAC, and alternative in- 
centives for participation, may help improve 
cyber-event prevention in other sectors. 

In many ways, cybersecurity can be char- 
acterized as a public good. This can lead to 
underinvestment in reducing cyber risk. 
From the perspective of an individual or- 
ganization, it might be optimal to reduce 
investments in cyber risk reduction. In 
such cases, public policy might be needed 
to enforce some minimum stan- 
dards for cyber risk reduction 
that apply to all organizations 
in a given sector (10). In prin- 
ciple, these standards need to 
be global to be effective, given 
that cyber risk knows no bound- 
aries. In light of the lack of pol- 
icy direction in this space, it is 
important to evaluate market 
mechanisms, such as cyber in- 
surance (17), that may have cy- 
ber risk-reduction effects. 

An example of two disciplines 
that could collaborate here 
is economists and behavioral 
scientists. Economists could investigate 
mechanisms to reduce cyber risk through in- 
centives, which would benefit from working 
with behavioral scientists, who could pro- 
vide insight into what drives human interac- 
tions and how they engage with technology. 


TRANSFERRING RISK 

It is important to consider how organiza- 
tions can transfer cyber responsibility and 
risk externally to insurers, capital markets, 
contracts in indemnity, hold-harmless agree- 
ments, or even the government (12). Cyber 
risk management today mainly focuses on 
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prevention, whereas risk-transfer instru- 
ments such as insurance are in their infancy. 
Insurance coverages are narrow, and pricing 
is based on heuristic estimations of loss fre- 
quency and severity. Such risk transfer must 
be empirically grounded in science in order 
to accurately price forward-looking cyber 
risk. Inaccurate pricing for cyber insurance 
could result in disproportionate payouts 
compared with premiums paid. This could 
be especially damaging if cyber risks accu- 
mulate, when an insurer faces the possibil- 
ity of simultaneous payouts on a large scale 
because of a single event (for example, an 
attack on a common technology such as a 
cloud service provider). 

The private sector is unwilling or unable 
to cover certain cyber events. For example, 
insurers generally deny coverage for events 
deemed “cyberwar” because of the poten- 
tially large effects of sophisticated nation- 
state attacks. Scholars need to evaluate 
government's role for risk transfer in acts of 
cyberwar. Different organizations and gov- 
ernments have varying perspectives on what 
is cyberwar, further complicating risk trans- 
fer (13). Pooling of cyber risk as launched in 
Singapore might be a solution to cover risks 
on a broader scale, involving the private sec- 
tor and the government. Standardized in- 
surance conditions as used in Germany also 
help to reduce uncertainty about coverages 
and make insurance more broadly available. 

An example of potential cross-disciplinary 
collaboration concerning risk transfer could 
be between law and management science. 
Legal scholars could investigate contract 
mechanisms that would enable risk sharing 
and transfer—research that would benefit 
from management scientists, who could pro- 
vide insight as to how such a contract would 
affect business operations and a company’s 
balance sheet. 


MONITOR AND MANAGE RESIDUAL RISK 
Regardless of prevention measures taken, 
there is still some chance that an organiza- 
tion will experience a cyber event. Moni- 
toring such residual cyber risk often falls 
to the chief information security officer 
(CISO). However, the actual ownership of 
cyber risk within an organization is gener- 
ally unclear—even if the organization has a 
CISO or chief information officer (CIO) who 
is supposed to manage information security 
(14). Because cyber risk is a key part of an 
organization’s overall business risk, all de- 
partments of an organization have a vested 
interest in how the organization manages 
residual cyber risk. 

Researchers must devise a systematic ap- 
proach for business units to increase their 
involvement in cyber decisions rather than 
these responsibilities being centralized only 
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in the CISO or CIO role. Business unit opera- 
tors need better incident response playbooks, 
including strategies for communicating with 
internal units, board members, sharehold- 
ers, government officials, regulatory authori- 
ties, and the public (5). 

An example of two disciplines that could 
work together on monitoring and manag- 
ing residual risk is computer science and 
political science. Political scientists are 
actively studying how cyber capabilities 
contribute to power dynamics across na- 
tions. This would benefit from a computer 
scientist’s ability to actively monitor cyber 
attacks and capabilities. 


EXPLORING THE MARGINS 
To overcome barriers to cross-disciplinary 
cyber risk research, scholars researching 
a component of this agenda could develop 
collaborations and explore questions at 
the margins of the disciplines. An example 
of where the authors have done this is in 
studying extreme cyber-risk scenarios. Ini- 
tiated by an economist, we set out to es- 
tablish a consistent approach for modeling 
extreme cyber-risk scenarios. The team en- 
gaged a computer scientist who was able to 
describe plausible extreme events and the 
criticality of these events so that the rele- 
vant information was analyzed. Neither the 
economists nor computer scientist had the 
complete expertise to address the problem. 

Another barrier to cross-disciplinary re- 
search is the nature of calls for proposals 
for funding. We cannot assume that cross- 
disciplinary research projects will all be 
arrived at organically. Instead, government 
and private sector research grants for cyber 
risk must be structured to require collabo- 
ration that studies questions on the mar- 
gins of disciplines. Otherwise, the science of 
cyber risk will merely borrow from previous 
studies along disciplinary boundaries—ef- 
fectively forcing the use of existing methods 
to imperfectly address cyber issues. For ex- 
ample, a working group at the International 
Actuarial Association is aiming to develop 
an economic cyber loss index. To collect in- 
cident data, they first need to consult legal 
scholars to understand what data can be 
legally collected. Then, computer scientists 
need to collect data using tools at their dis- 
posal. Data scientists need to cleanse this 
data and prepare it for analysis. Manage- 
ment scientists need to categorize the data’s 
relevance by sector, and economists ulti- 
mately need to model the economic impact. 
If any single discipline approached this 
problem alone, there would likely be mis- 
steps throughout that could lead to flawed 
research outcomes. 

Industry and government organizations 
must demonstrate leadership in setting the 
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direction of cross-disciplinary research. Be- 
cause digital risk is a daily battle for busi- 
nesses and public organizations, they must 
propose and provide data for the most 
pressing research problems to spur cross- 
disciplinary-scoped projects. One prom- 
ising concept from the risk-management 
toolbox that is well established in other 
contexts (natural catastrophe, terror, and 
nuclear risks) might be the pooling of risk. 
However, to implement this, legal, busi- 
ness, and economic preconditions have to 
be studied. Further discussion on potential 
standardization and regulation to improve 
cyber-risk management needs input from 
various disciplines as well. It is important 
to understand the economic and political 
incentives for the proliferation of cyber 
risk, how society can be trained in dealing 
with cyber risks, and what legal action can 
be taken to improve cyber security. 

Both the intellectual independence of 
academia and the experiential knowledge 
from government and industry are critical 
for robust, integral research. Integrating 
practical direction into calls for research 
proposals that are not catered to a specific 
discipline can spur cross-disciplinary col- 
laboration—for example, by agencies such 
as the U.S. Defense Advanced Research 
Projects Agency. Encouraging disciplines 
to pursue their world view of each ques- 
tion is important, but the disciplines 
should recognize the limits of their exper- 
tise and collaborate on topics at the mar- 
gins of disciplines to advance the science 
of cyber risk. 
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QUANTUM MATERIALS 


A chemical path to quantum information 


Nanoscale graphene can be designed to function as a molecular qubit 


By Stephen von Kugelgen and 
Danna E. Freedman 


he second quantum revolution is rap- 
idly transforming fields like structural 
biology, cryptography, and condensed 
matter physics. The core quantum 
unit is the qubit, which has an infinite 
number of possible configurations 
through the superposition of its quantum 
states. This quantum property provides a 
singular approach for solving problems in 
computing, sensing, and metrology (J, 2). 
Creating and manipulating qubits is a grand 
challenge, leading to a plethora of viable ap- 


mentary metal-based and organic radical 
approaches delivering large advances in 
the past decade (6-8). Chemists can dictate 
the precise distribution of a qubit’s spins 
through meticulous synthetic control over 
organic structures or harness ligand fields 
to finely tune magnetic properties at metal 
centers (9). An early example of a quantum 
computation was the implementation of 
Shor’s algorithm using a nuclear spin qu- 
bit in a molecule, which highlighted the 
power of chemical synthesis to enforce 
the atomically precise relationships that 
control communication between elements 
of a quantum system (J0). Lombardi et al. 


Quantum information enabled by chemical design 

Chemical synthesis of qubits enables a bottom-up approach that controls both local qubit environment and 
qubit-qubit interactions. The inherent atomistic precision of chemical synthesis supports the creation of 
designer qubits, each tailored for their intended application. 


Atom-level control 
Synthetic chemistry dictates the position of nuclear 
and electronic spins at the atomic scale. 


Chemical 
scaffold 


Electronic 
spin 


Spin-spin 


Chemical 
scaffold 


Electronic 
spin 


Nuclear 
spin 


proaches (3). Spin-based molecular qubits 
are promising because they unify atomic- 
scale spatial precision with structural cus- 
tomization for systems integration (4). On 
page 1107 of this issue, Lombardi et ai. (5) ex- 
emplified this approach by constructing an 
electronic spin-based molecular qubit from 
a carefully engineered state in nanoscale 
graphene, providing an elegant example of 
atomic control over qubit design. 

The bottom-up synthesis of chemical 
qubits is an emerging field, with comple- 
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interaction 


Tunable scaffolds 
Minute control over local environments enables 
modification of qubit coherence properties. 


showcase a previously untapped strategy in 
qubit engineering in which their molecular 
qubit’s unpaired spins are created not by 
an odd number of total electrons but rather 
by the precise structure of the molecule’s 
bonding (5). They leverage the stability of 
aromatic m systems to promote an other- 
wise unfavorable bond configuration that 
leaves out two unpaired electrons. This en- 
ables the rational synthesis of a molecular 
system that replicates topological defects 
in graphene in a synthetically tunable plat- 
form (see the figure). 

Lombardi et al. subjected their mole- 
cule to a suite of experiments designed to 
both establish its viability as a qubit and 
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elucidate the mechanisms of the collapse 
of the superposition state, called decoher- 
ence. The molecular system remains in a 
superposition state, coherence, for times 
that compare favorably with endohedral 
fullerene-based systems (6). The 0.33-ms 
coherence time that the authors observed 
is similar to the high values achieved with 
transition metal-based qubits (8). By sub- 
jecting the molecule to a series of micro- 
wave pulses, the authors demonstrate their 
control over the qubit by placing it into any 
arbitrary superposition of states. A benefit 
of chemically designing qubits is that mod- 
ulating the local chemical environment can 
deconvolute processes that lead to the col- 
lapse of the superposition state. Lombardi 
et al. demonstrate this with experiments in 
solids and in solution over a wide range of 
temperatures, including nuclear decoupling 
and solvent dependence studies. This rigor- 
ous approach should serve as a guide for 
others vetting new chemical qubits. 

A key next step toward quantum sen- 
sors is to bring chemical qubits into com- 
munication with one another or with other 
chemical species in a controlled fashion. 
Constructing multiqubit systems with this 
level of precision across multiple length 
scales represents an outstanding challenge 
in the field. The first step involves pro- 
gressing from isolated spin-based qubits 
to understanding two independently con- 
trollable, interacting qubits (7). To make 
this transition, both organic and transition 
metal-based approaches are promising 
strategies. Chemical synthesis can expand 
these quantum systems into many-qubit 
arrays. The approach from Lombardi et 
al. could be applied to patterned topologi- 
cal defects in other carbon nanomaterials. 
Alternatively, the bottom-up synthesized 
qubits could be used to forge molecular 
qubits into uniformly ordered arrays by 
bonding them into extended framework 
materials, which then can be manipulated 
on the microscale (17). Extending the dis- 
tances between qubits in these ordered, 
porous structures would not only control 
coherence times but also prime them as 
platforms for quantum sensing of larger 
chemical species. Ordering qubits could be 
done in other interesting ways, such as us- 


sciencemag.org SCIENCE 


GRAPHIC: C. BICKEL/SCIENCE 


6LOz ‘| 49quIa09q UO /Hio' BeWsouaINS’80U9INS//:d}]y WO Pepeo|UMOG 


ing designer polymer materials like DNA to 
create tailored soft-matter templates (72). 

Defect-based materials such as _nitro- 
gen-vacancy-pair defects in diamond are 
exceptional candidates for spin-based qu- 
bits. An incredible suite of spectroscopies 
has developed around these defects that 
exploit their facile optical readout (13). Mo- 
lecular nanographene-based qubits are one 
of many ways to create atomically precise 
analogs of defects that can be read out opti- 
cally. Lombardi et al. show that a bottom- 
up approach to spin qubits is a promising 
strategy to expand the usefulness of this 
spectroscopic infrastructure. Exploiting 
established spectroscopic approaches by 
emulating the properties of defect-based 
systems in these synthetically tunable plat- 
forms is an exciting frontier for developing 
molecular qubits. 

The grand challenges of quantum in- 
formation science present new targets for 
chemical synthesis. Lombardi et al. model 
a clear path for future chemists to contrib- 
ute to the advancement of the field. The 
authors both demonstrate a new strategy 


“This rigorous approach should 
serve as a guide for others 
vetting new chemical qubits.” 


for creating a qubit and expose its intrinsic 
characteristics through thoughtful appli- 
cation of experimental controls. Through 
synthetic chemistry, the insights and pre- 
cision needed for new materials to trans- 
form quantum information science are 
within our reach. 
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NEUROSCIENCE 


Regulation of negative 
emotional behavior 


A lower-brainstem structure regulates a 
psychobehavioral state for avoidance behavior 


By Satoshi Ikemoto 


nimals and humans must interact 

with the environment to meet biologi- 

cal needs and avoid dangers. Thus, 

survival relies on the balance between 

approach and avoidance behaviors. 

The median raphe region (MRR), lo- 
cated in the lower brainstem, may play an 
important role in this balancing process. 
It is one of two major regions that contain 
serotoninergic neurons that project to the 
forebrain. The neurotransmitter serotonin 
is known for the regulation of anxiety and 
mood. On page 1094 of this issue, Sz6nyi et 
al. (1) examined a neglected neuron type— 
glutamatergic neurons in the MRR that ex- 
press the vesicular glutamate transporter 
2 (vGLUT2)—and show that these MRR- 
vGLUT2 neurons have a vital role in the reg- 
ulation of negative emotional states. Their 
findings have considerable implications for 
understanding psychiatric illnesses, particu- 
larly anxiety and mood disorders. 

Accumulating evidence suggests that 
the MRR suppresses appetitive behaviors. 
The inhibition of MRR neurons in rodents 
results in compulsive displays of a variety 
of behaviors, including feeding, drinking, 
gnawing, locomotor activity, and reward- 
seeking behavior (2-4). Moreover, these ma- 
nipulations induce psychobehavioral states 
characterized as being anxiolytic and, even, 
rewarding (5-8). Conversely, the excitation 
of MRR neurons induces behavioral inhibi- 
tion and anxiogenic effects (9). Although 
selective manipulations of MRR serotoner- 
gic neurons produce similar, but generally 
weaker, effects, it has not been investigated 
how other types of MRR neurons contribute 
to such behavioral effects. Indeed, until now, 
no research had been conducted on the func- 
tions of MRR-vGLUT2 neurons. 

Szonyi et al. found that MRR-vGLUT2 
neurons robustly project to three brain re- 
gions in mice that have been implicated in 
the regulation of negative emotional states 
and memory: the lateral habenula (LHb), the 
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medial ventral tegmental area (mVTA), and 
the medial septum and the vertical limbs of 
the diagonal bands of Broca (MS/VDB) (see 
the figure). The LHb mediates negative emo- 
tion, and its dysregulation has been strongly 
implicated in major depression (JO). Sz6nyi 
et al. show that MRR-vGLUT2 neurons es- 
tablish synapses on LHb-vGLUT2 neurons 
and confirm that MRR-vGLUT2 neurons 
release glutamate to provide excitatory in- 
puts to LHb-vGLUT2 neurons. In addition, 
LHb-vGLUT2 neurons establish excitatory 
synapses on MRR-vGLUT2 neurons. These 
results suggest a positive feedback loop 
between MRR-vGLUT2 neurons and LHb 
neurons, perhaps for mediating negative 
emotion-associated functions. Indeed, the 
presentation of aversive stimuli, which is 
known to activate LHb neurons, activated 
MRR-vGLUT2 neurons. In addition, selec- 
tive stimulation of MRR-vGLUT2 neurons 
induced negative emotional effects: It in- 
creased aggression; when stimulation was 
paired with the response that delivered food, 
it diminished the food-seeking responses in 
hungry mice; and when paired with a place, 
mice avoided the place. Moreover, repeated 
stimulation of MRR-vGLUT2 neurons over 
the course of several weeks resulted in de- 
pression-like symptoms in mice. 

Threatening environments activate do- 
pamine neurons projecting to various fore- 
brain regions. Particularly, those located 
in the mVTA and projecting to the medial 
prefrontal cortex are most sensitive to en- 
vironmental challenges (77). MRR-vGLUT2 
neurons were found to form synapses with 
such dopamine neurons. These dopamine 
neurons received inputs from both MRR- 
vGLUT2 neurons and LHb neurons, suggest- 
ing that MRR-vGLUT2 neurons, as well as 
LHb neurons, regulate the activity of dopa- 
mine neurons projecting to the medial pre- 
frontal cortex when animals must cope with 
environmental challenges. 

The hippocampus is critical in memory 
formation (12) and the MRR plays an im- 
portant role in hippocampus-dependent 
memory (13). Sz6nyi et al. show that MRR- 
vGLUT2 neurons robustly project to the MS/ 
VDB and establish synapses on MS/VDB 
neurons that project to the hippocampus. 
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The MS/VDB plays a critical role in generat- 
ing hippocampal theta oscillations (HTOs), 
which are indicative of cognitive processing 
of environmental information (72). HTOs 
are coupled with firing activity of LHb neu- 
rons (14). Such activity of the two structures 
may signify a role in the acquisition of emo- 
tional memory and may be coordinated by 
the MS/VDB, which projects to both the 
hippocampus and LHb (1/5). Because both 
MS/VDB and LHb neurons received inputs 
from the same MRR-vGLUT2 neurons, it is 
possible that MRR-vGLUT2 neurons con- 
tribute to coordinating activities between 


sive contexts, MRR-vGLUT2 neurons may 
be important for active avoidance. LHb- 
vGLUT2 neurons have synaptic contacts 
with serotoninergic neurons within the 
MRR, which suggests that LHb-vGLUT2 
neurons directly activate serotoniner- 
gic neurons. Therefore, dysregulation of 
MRR-vGLUT2 neurons could participate in 
anxiety and mood disorders by disrupting 
a positive-feedback interaction with LHb 
neurons regulating forebrain serotonin, in 
addition to disrupting the activities of the 
mVTA and MS/VDB. Such ideas are to be 
examined by future research. 


Neurocircuitry in aversive learning 


MRR-vGLUT2 neurons regulate negative emotional behavior in mice through three key structures: LHb-vGLUT2 
neurons, mVTA-dopamine neurons, and MS/VDB GABAergic neurons. These structures are linked with the 
hippocampus and mPFC to regulate higher-order processes, including aversive learning. 
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LHb, lateral habenula; mPFC, medial prefrontal cortex; MRR, median raphe region; MS/VDB, medial septum and the vertical limbs of the 
diagonal bands of Broca; mVTA, medial ventral tegmental area; vGLUT2, vesicular glutamate transporter 2. 


the hippocampus and the LHb. There- 
fore, Sz6nyi et al. hypothesized that MRR- 
vGLUT2 neurons regulate the acquisition 
of aversive memory and found that the in- 
hibition of MRR-vGLUT2 neurons during 
the occurrence of aversive events reduced 
subsequent avoidance responses triggered 
by cues that had been previously paired 
with aversive events. Thus, MRR-vGLUT2 
neurons appear to play a role in encoding 
aversive events for recall. 

Unlike the ideas that emerge from non- 
selective manipulations of neurons, the 
findings of Sz6nyi et al. suggest that MRR- 
vGLUT2 neurons actively regulate negative 
emotional state. Avoidance behavior can 
be categorized in two ways—passive avoid- 
ance (withdrawal or suppression of ongoing 
behavior) and active avoidance or active 
coping behavior—and distinct neural mech- 
anisms are involved between these two be- 
havioral strategies. Because the stimulation 
of MRR-vGLUT2 neurons increased, instead 
of decreased, behavioral activity in aver- 
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MOLECULAR BIOLOGY 


An unexpected 
cofactor 


A mystery of bacterial 
chromosome segregation 
is explained by a 
nucleotide cofactor 


By Barbara E. Funnell 


ccurate chromosome segregation is 
essential for organisms in all king- 

doms of life. In bacteria, which do 

not compartmentalize their chromo- 
somes into nuclei or undergo mito- 

sis, this process is as important as 

it is in eukaryotes. Bacterial chromosomes 
typically contain centromere partition 
sites (parS). Centromeres are DNA sites 
necessary for segregation, which is gener- 
ally called “partition” in bacteria. The parS 
sites are bound by centromere-binding 
ParB (partition protein B) proteins. On 
page 1129 of this issue, Soh et al. (1) report 
the unexpected and remarkable discovery 
that ParB proteins use cytidine triphos- 
phate (CTP) as a cofactor when they as- 
semble partition complexes, and that ParB 
is an enzyme capable of CTP hydrolysis in 
addition to its DNA binding activities. ParB 
proteins interact with partition adenosine 
triphosphatases (ATPases) called ParA and, 
until the study of Soh et al., ATP was be- 
lieved to be the only nucleotide cofactor 
required in this type of partition reaction. 
ParABS partition systems facilitate the 
separation of cellular chromosomes and 
many plasmids (DNA molecules that rep- 
licate independently of the cellular chro- 
mosome) (2, 3). ParB proteins were first 
identified in plasmid partition systems over 
35 years ago, and the addition of CTP to 
the story is an unprecedented and major 
advance for the field. ParBs share limited 
sequence conservation among bacterial 
species and plasmids but possess a com- 
mon domain arrangement. A central helix- 
turn-helix DNA binding domain is flanked 
by a carboxyl-terminal dimer domain (C) 
and a flexible amino-terminal domain (N) 
that can interact with itself and with ParA. 
The region of highest sequence conserva- 
tion among ParBs is in the N domain and 
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The bacterial segrosome 


An unusual cofactor, cytidine triphosphate (CTP), is found to promote partition protein B (ParB) binding to DNA for segregation. 


N domain ‘> 


ParB 
CTP 
is Partition site (parS) 


CTP binding alters folding of the ParB N domain so 
that ParB forms a clamp when it binds to parS 
through the dimeric DNA binding domains. 


resembles an ATP binding motif that occurs 
in sulfiredoxin (Srx), a eukaryotic protein 
involved in reduction of the hyperoxidized 
sulfinic acid form of cysteine (4). This ParB- 
Srx motif was noted but not originally ex- 
plored because many experiments showed 
that the ATPase in ParABS systems was 
ParA. Soh et al. revisited the question over 
the ParB-Srx motif using ParB from Bacillus 
subtilis, and discovered that it binds CTP 
and not ATP. Furthermore, they showed 
that this is a general property because two 
plasmid ParBs also bound CTP. 

ParB proteins exhibit two properties 
that require the N domain and reflect as- 
sembly of multiple molecules of ParB at 
pars. Large foci of ParB are vis- 
ible in cells when ParB is fluores- 
cently labeled (5), indicating that 
many hundreds of ParB molecules 
coalesce near or at parS. When 
measured directly, ParB binding 
is concentrated at parS but also 
“spreads” to surrounding nonspecific DNA, 
typically extending many kilobases away 
from parS (6, 7). The ParA ATPase inter- 
acts with these large ParB-parS partition 
complexes, and ParA acts as the motor to 
drive chromosomal movement. However, 
reconstituting the higher-order ParB com- 
plex assembly biochemically has proven 
challenging, in part because the ParB-ParB 
interactions between N domains are weak 
and dynamic (8, 9). The study by Soh e¢ al. 
reveals that the magic ingredient missing 
in these experiments and in the models of 
ParB assembly is CTP. 

The results lead to a new and intriguing 
model for how large partition complexes 
assemble and spread on DNA. Recent mod- 
els have suggested that ParBs spread by a 
combination of lateral and bridging interac- 
tions across their N domains (8, 9). By con- 
trast, Soh et al. propose that CTP binding 
promotes self-association of the N domain, 
which closes a “gate” so that ParB encircles 
DNA after it loads onto par7S (see the figure). 
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Formation of the clamp alters the DNA binding 
activity so that ParB slides away from parS, leaving 
room for loading multiple ParBs. 


When the gate closes, ParB is locked onto 
the DNA but released from parS so that it 
is free to slide; that is, to spread along DNA 
and form foci. CTP hydrolysis is not neces- 
sary at this step, and its role remains to be 
elucidated. The different spreading mod- 
els are not mutually exclusive, and further 
studies are needed to understand the exact 
architecture involved. 

The discovery of CTP as a cofactor opens 
the door to a wealth of experiments study- 
ing ParABS partition. Many different ap- 
proaches that previously examined ParB 
proteins will likely be revisited to ask how 
CTP binding and hydrolysis contribute to 
ParB action. How does ParB condense parS 


.jt is important to investigate whether 
there are other [cytidine triphosphate]-protein 
interactions that have been missed...” 


sites so that they group together, especially 
to form the large assemblies visualized as 
foci inside cells? There are x-ray crystal 
structures of fragments of ParB, but the 
full-length protein has proven refractory 
to crystallization so no complete structure 
has been solved; will CTP alter protein 
folding in such a way that makes these ap- 
proaches feasible? The door is wide open 
for other biophysical approaches such 
as cryo-electron microscopy to examine 
large ParB structures, in the presence of 
CTP and DNA, to directly visualize the 
complexes and explore the mechanisms of 
complex assembly. 

Key questions to address are how CTP 
affects ParB-ParA interactions, and what 
roles such interactions play in the mecha- 
nism of partition. ParA, which binds non- 
specifically to the bacterial chromosome in 
the presence of ATP, forms dynamic gra- 
dients of DNA binding in the presence of 
ParB. The large complexes of ParB at parS 


move along these gradients, which facili- 
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Dividing bacteria 


ParB binding facilitates DNA condensation and 
can be visualized as large foci. 


tates chromosome separation (J0), but the 
mechanistic details of this process are not 
completely understood and are the focus 
of much current research. It will be impor- 
tant to understand how the architecture 
of ParB-CTP-parS complexes fits into, and 
perhaps alters, models of ParA action. 

CTP is an unusual nucleotide cofactor 
in any enzyme outside of those involved in 
nucleotide metabolism. A recent example is 
LarC, a bacterial enzyme involved in nickel 
cofactor synthesis, which requires CTP bind- 
ing and hydrolysis for activity (71). It seems 
that prokaryotic ParABS-mediated partition 
has reserved ATP for ParA and exploited CTP 
for ParB, implying that the division of nucle- 
otide labor will be important for 
the regulation of the process. Soh 
et al. suggest that the ParB-Srx CTP 
binding domain is conserved in 
diverse proteins. Did CTP binding 
evolve from the ATP active site of a 
ParB-Srx motif or vice versa? More- 
over, it is important to investigate whether 
there are other CTP-protein interactions that 
have been missed simply because no one 
thought to look for them. 
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IMMUNOLOGY 


Immunology taught by vaccines 


Systems analysis of vaccine responses reveals the impact 
of the microbiota on human immunity 


By Bali Pulendran 


espite the success of vaccination in 

controlling many infectious diseases, 

there are challenges in designing vac- 

cines against HIV, malaria and tuber- 

culosis, and other pathogens that, in 

aggregate, afflict billions of people. 
Vaccine development has been frustrated by 
a lack of detailed understanding about what 
types of immune responses are effective at 
preventing infection, and failure to translate 
successes in animal models to humans. This 
problem is compounded by the variability 
in vaccine efficacy in humans. For example, 
vaccines against oral pathogens such as Ro- 
tavirus and Poliomyelitis have considerably 
lower efficacy in children in some low- and 
middle-income countries (LMICs) compared 
to those in high-income countries (J). Envi- 
ronmental differences, persistent parasitic 
infections, malnutrition, and environmen- 
tal enteropathy may affect immune system 
function and its ability to respond to vac- 
cination (J, 2). Several studies have also 
suggested that intestinal microbiota compo- 
sition plays a role (/, 2). 

The microbiota consists of trillions of 
bacteria in the human gut and in other pe- 
ripheral tissues such as the skin and lungs, 
and they outnumber human cells 10-fold (3). 
Emerging evidence suggests a potent role 
for this microbial universe in shaping many 
aspects of physiology, including the immune 
system, the cardiovascular system, and vari- 
ous aspects of host metabolism (2, 3). Loss 
of microbial diversity in microbiota (dysbio- 
sis) is strongly associated with many inflam- 
matory diseases, and intestinal dysbiosis 
is linked to reduced efficacy of various im- 
mune interventions, including prevention 
of HIV infection and immune checkpoint 
blockade, a form of cancer immunotherapy. 
However, much of the evidence for this 
comes from elegant studies in mice admin- 
istered antibiotics to deplete their micro- 
biota, or in germ-free mice that are devoid 
of any bacteria from birth. The extent to 
which these results reflect what happens 
in humans is uncertain. Many studies have 
established correlations between particular 
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species of bacteria and various aspects of 
human physiology, but there remains little 
causal evidence. 

Immunologists have recently harnessed 
vaccines as probes to study the human im- 
mune system. Systems biological approaches 
that can measure the expression of genes, 
proteins, metabolites, and immune cell types 
have been used to study immune responses 
to vaccination. The first examples of such 
studies used the live attenuated yellow fever 
vaccine (YF-17D) (4, 5), which has been ad- 
ministered to 600 million people worldwide 
and is one of the most effective vaccines de- 
veloped. Blood gene expression “signatures” 
induced within a few days of vaccination with 
YF-17D correlated with the ensuing CD8* 
T cell and neutralizing antibody response. 
Machine learning techniques delineated 
signatures capable of predicting the immu- 
nogenicity of the vaccine in individuals (4). 
Subsequently, systems approaches have been 
used to identify signatures that predicted 
the immunogenicity of other vaccines, such 
as the inactivated seasonal influenza vaccine 
or malaria vaccine, in diverse populations 
such as the elderly, infants, and identical 
twins and in geographically distinct popula- 
tions (6-8). Such signatures reflect a range of 
biological processes, such as the early innate 
immune response and amino acid starvation 
response, as well as signatures of the anti- 
body-producing cell response (4-8). 

Several mechanistic insights have 
emerged from these studies. One such in- 
sight concerns the impact of the microbiota 
on vaccination in humans. Analysis of blood 
transcriptional responses induced by vacci- 
nation of healthy adults with the inactivated 
seasonal influenza vaccine revealed a strong 
correlation between the early expression of 
the gene encoding Toll-like receptor 5 (7775), 
an innate immune receptor that senses bac- 
terial flagellin, on day 3 after vaccination and 
the ensuing vaccine-specific antibody titers 
measured 28 days after vaccination (9). The 
association between the antibody response 
to a viral vaccine and the expression of a re- 
ceptor involved in bacterial sensing was puz- 
zling and suggested a potential link between 
microbiota and vaccination-induced immu- 
nity. Vaccination of mice genetically deficient 
in Tlr5 (Tir5’- mice) resulted in impaired 
antibody responses (9). Antibody responses 
to influenza vaccination were also impaired 
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in germ-free mice and mice administered 
broad-spectrum antibiotics. | Moreover, 
Tlr5’“- mice and antibiotic-administered 
mice had impaired antibody responses to 
the inactivated polio vaccine, which, like the 
inactivated seasonal influenza vaccine, con- 
tains no exogenous adjuvants (or immune- 
boosting agents). By contrast, Tlr5~~ mice or 
antibiotic-administered mice were capable 
of mounting normal antibody responses to 
vaccines that contained adjuvants such as 
the alum-adjuvanted tetanus, diphtheria, 
and pertussis vaccines (9). This raised the 
concept that the microbiota could be serving 
as “endogenous adjuvants” that boost immu- 
nity to vaccines lacking adjuvants. 

The possibility that the microbiota plays a 
role in modulating immune responses to vac- 
cination in humans is of particular concern 
because vaccines are less effective in many 
regions of LMICs, where widespread and in- 
discriminate use of antibiotics, particularly 
in neonates and infants, could cause long- 
lasting changes in the microbiota (1). How- 
ever, the effects of the antibiotic azithromycin 
were examined on the immunogenicity of 
oral polio vaccine in seronegative infants in 
India, and the antibody response was unaf- 
fected (J0). Of note, detailed analysis of im- 
mune responses was not performed in this 
study, so further investigation is warranted. 

To comprehensively assess the impact of 
the microbiota in humans, a clinical trial 
was performed in which a cocktail of broad- 
spectrum antibiotics was given to healthy 
young adults before and after vaccination 
with the inactivated seasonal influenza vac- 
cine (77). Antibiotics administration resulted 
in a 10,000-fold reduction in the total quan- 
tity of gut bacteria, but this effect was short- 
lived and normal numbers were regained 
within a few days. Furthermore, gut bac- 
terial diversity was reduced, and this took 
longer than 6 months to recover (17). None- 
theless, the antibody responses to vaccina- 
tion were unaffected. The individuals in this 
study had high concentrations of influenza- 
specific antibodies prior to vaccination, in- 
dicating recent exposure to the vaccine or 
influenza virus. Another clinical trial was 
conducted in which anyone who had either 
received the influenza vaccine or had been 
exposed to influenza during the past 3 years 
was excluded. There was a marked impair- 
ment in the immunoglobulin G1 (IgGl) and 
IgA antibody response specific to the HIN1 
strain of influenza, as well as in antibody 
neutralization to the H1N1 strain (17). In hu- 
mans, the serum antibody response to vac- 
cination with seasonal influenza vaccine is 
dominated by the IgG1 subclass (with lower 
contributions from IgM and IgA antibod- 
ies), and IgG1 antibodies can neutralize the 
virus as well as mediate a range of effector 
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cell functions. Curiously, the impair- 
ment in IgG1 and IgA responses was 
only observed against one of the 
three influenza strains contained in 
the vaccine—the HINI1 strain—and 
not against the H3N2 or B strains. 
The reason for this is unclear, but 
it is possible that adults have high 
H3N2 and B subtype immunological 
memory due to prior exposure, and 
thus a higher threshold of memory 
against these strains could with- 
stand the effects of antibiotics. Thus, 
the adaptive immune response truly 
does seem to be adaptive, and re- 
silient to even the most severe per- 
turbations in the microbiota. This 
resilience of the adaptive immune 
system is evident in the context of 
genetic variation. Thus, a previous 
study has demonstrated that re- 
sponses to influenza vaccination in 
identical twins were largely driven 
by environmental factors such as 
prior immune exposure and were 
independent of genetic factors (8). 

In addition to these effects on the 
adaptive immune response, analysis 
of transcriptional signatures revealed 
that antibiotics treatment resulted in 
enhanced innate immune responses, 
specifically inflammation and in 
particular several gene expression 
programs associated with the tran- 
scription factors activating protein 1 (AP-1, 
comprising FOS and JUN) and nuclear re- 
ceptor 4A1 (NR4A1), which play central roles 
in mediating inflammatory responses (11) 
(see the figure). These same transcriptional 
modules were increased in healthy elderly 
subjects immunized with the seasonal influ- 
enza vaccine (6). These results indicate that 
antibiotics-driven depletion of the gut micro- 
biota may drive inflammatory responses to 
vaccines similar to age-associated increases 
in inflammation and that frequent and long- 
term usage of antibiotics may accelerate the 
process called “inflammaging,” a chronic 
low-grade inflammation that can develop 
with advanced age and contribute to the 
pathogenesis of age-associated diseases (12). 
Future studies should thus explore the poten- 
tial connection between antibiotics usage, in- 
flammaging, and impaired vaccine immunity 
in the elderly. 

In addition to the effects on the adaptive 
and innate immune responses, antibiotics 
administration induced a large perturbation 
in the blood metabolome of young adults 
receiving inactivated seasonal influenza vac- 
cine, including changes in bile acids, such 
as lithocholic acid (LCA). LCA is the most 
potent agonist of G protein-coupled bile 
acid receptor 1 (GPBAR1), which inhibits 
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The gut microbiota affects vaccination 
In healthy humans, the gut microbiota enhances antigen-specific 
immunoglobulin G1 (IgG1) and IgA antibody responses to vaccination. 
Secondary bile acids metabolized by gut microbiota suppress 
excessive inflammation driven by NACHT, LRR, and PYD domains- 
containing protein 3 (NLRP3) inflammasome and activating 
protein 1 (AP-1)—associated gene expression. 
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activation of the NACHT, LRR, and PYD 
domains-containing protein 3 (NLRP3) in- 
flammasome, a multiprotein complex that 
detects pathogens and other stress-inducing 
signals leading to activation of innate im- 
munity, in mice (13). Moreover, antibiotics- 
driven perturbation of secondary bile acids 
was associated with increased inflamma- 
tion, including modules involved in AP-1 
signaling and NLRP3 inflammasome acti- 
vation. These results highlight a potential 
mechanism by which the microbiota can 
regulate secondary bile acid production 
and consequently inflammatory responses 
in humans, which can also affect vaccine 
responses. To what extent the dysbiosis- 
secondary bile acid-inflammation axis 
contributes to inflammaging in the elderly 
remains to be determined. It should also 
be noted that increased gut permeability, 
which increases with age, could result in 
systemic exposure to bacterial stimuli such 
as lipopolysaccharide, flagellin, and other 
pathogen-associated molecular patterns 
that could directly trigger up-regulation of 
the AP-1 and NR4A1 signaling pathways. 
Further studies in elderly people should 
thus explore the mechanisms by which gut 
dysbiosis modulates inflammaging and the 
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age-associated decline in immune function 


Published by AAAS 


known as immunosenescence. 

These results could have several 
public health implications. Given 
that the impact of antibiotics on the 
antibody response was only evident 
in subjects with low baseline concen- 
trations of antibody, it could be ad- 
vantageous to receive the influenza 
vaccine annually to build up immune 
memory. A second implication con- 
cerns the potential effects of antibiot- 
ics on neonates or infants, in which 
immune imprinting to influenza 
may be minimal or nonexistent. In 
infant mice, antibiotics-driven early- 
life dysbiosis leads to altered vaccine 
responses (/4). A relatively sterile 
9-month-old baby in utero experi- 
ences a microbial “big bang” during 
birth, and this microbial universe 
continues to expand during the first 
few years of life. The widespread use 
of antibiotics in neonates and infants 
raises the possibility that antibiotics- 
driven gut dysbiosis may exert a con- 
siderable toll on vaccination-induced 
immunity in the very young. Further- 
more, antibiotics-driven microbiota 
disruptions in early life can have 
long-lasting effects on body weight 
in adulthood, long after cessation of 
antibiotics (75). It is therefore possi- 
ble that antibiotics treatment during 
childhood could exert long-lasting ef- 
fects on the immune system, perhaps through 
epigenetic imprinting. Future studies should 
thus be aimed at exploring both the short- 
and long-term effects of antibiotics on vac- 
cine immunity in the very young. In addition, 
the microbiota-inflammaging axis in aging 
and its impact on vaccine immunity deserve 
attention. 
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GEOPHYSICS 


Illuminating 
Earth’s faults 


Submarine fiber-optic 
cables drive discovery 
of fault locations 

and ocean dynamics 


By Philippe Jousset 


arthquakes are primarily caused 

by movement of big land masses— 

tectonic plates—at large physical 

fractures in Earth’s crust (faults). Fur- 

thermore, faults sometimes convey 

mineral-rich fluids, oil, gas, and hot 
water and thus contribute to our mineral 
and energy resources. Unfortunately, scien- 
tists do not yet know where all of Earth’s 
faults are located, especially when they re- 
side under cities or the seafloor, where their 
movement can produce large earthquakes 
and tsunamis. Without a complete map of 
Earth’s faults, economic opportunities may 
be overlooked and seismic hazards may be 
underestimated. On page 1103 of this is- 
sue, Lindsey et al. (1) describe the use of 
a method—distributed acoustic sensing 
(DAS)—that makes it possible to discover 
previously unidentified faults in Monterey 
Bay, California, the United States. 

Various technological developments have 
allowed scientists to see billions of kilome- 
ters, from Earth to space (2), but the un- 
derground details of our own planet have 
remained elusive. Drilling into Earth’s crust 
is an accurate but expensive way to explore 
what is beneath our feet and also sometimes 
inflicts environmental damage (3). Fortu- 
nately, scientists can probe Earth’s interior 
from its surface with the use of geophysical 
methods. The main internal structures of 
our planet were mapped by recording travel 
times of seismic waves between the source 
(the fault) and the sensors (seismometers). 
Furthermore, the imaging of Earth by ana- 
lyzing seismic ambient noise (microseism) 
can pinpoint faults (4). This technique re- 
quires a large number of well-distributed 
seismometers, which is not always feasible, 
especially in underwater locations. 

DAS, the relatively new method used by 
Lindsey et al. in Monterey Bay, consists of 
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DAS technology allows fault mapping and the study of ocean hydrodynamics when used to probe fiber-optic 


cables on the seafloor that transmit information from submarine observatories (here, Okinawa Institute of 


Science and Technology Graduate University). 


probing a fiber-optic cable with successive 
coherent laser pulses and using a spectrom- 
eter to analyze time of flight and frequency 
properties of the photons that are reflected 
back in the direction from which they origi- 
nated (so-called back-scattered light). This 
method allows dense, spatially distributed 
measurement of dynamic strain that results 
from passing seismic waves along several-ki- 
lometers-long fibers. These fiber-optic cables 
are similar to those typically used for tele- 
communication and internet transmission. 
For several years, the oil and gas industry has 
used DAS with cables deployed in boreholes 
to image near well-bore areas. In Iceland, 
DAS was used recently to map land faults 
at the Earth surface by using telecommuni- 
cation cables (5). Although DAS is rapidly 
finding new uses in a variety of disciplines, 
it is expected to make seminal contributions 
to geophysical studies as Earth’s unknown 
structural and seismological features can be 
probed with great accuracy. 

One of the most exciting new features 
of the Lindsey et al. study is that the inter- 
rogated fiber-optic cable lies underwater. 
Earthquakes might occur deep in Monterey 
Bay, where little is known about fault loca- 
tions. The cable is part of the transmission 
system for data on underwater activity and 
aquatic organisms acquired by the Mon- 
terey Accelerated Research System (MARS). 
Most oceanographic instruments that reside 
on the seafloor have no connection with 
the land or sea surfaces, so they must run 
on batteries and store their own data. The 
MARS cabled observatory removes these 
restrictions by providing a power supply 
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for the submarine instruments and trans- 
mitting their data to the surface through a 
fiber-optic cable. 

During a 4-day period of cable mainte- 
nance, Lindsey et al. connected the MARS 
fiber-optic cables to a DAS interrogator, 
an instrument that transmits photons in 
the fiber and analyzes backscattered light. 
After 4 days of continuous measurement, 
the authors used the resulting strain data 
to map previously unknown faults and to 
hypothesize mechanisms for sources of the 
microseism. 

Another unexpected result from the new 
study was the ability to record very-long- 
period strain signals (larger than 10 s), 
which the authors interpreted as being as- 
sociated with oceanic hydrodynamics, such 
as currents modulated by tides. This inter- 
pretation remains to be validated in longer 
studies (more than 4 days) and with other 
submarine cables. 

Other such underwater observatories 
exist in the world—for example, the Euro- 
pean Multidisciplinary Seafloor and Water- 
column Observatory (EMSO), which has 
sensors in the Atlantic Ocean and the Medi- 
terranean and Black seas (6). EMSO was 
designed to gain a better understanding of 
phenomena occurring in the ocean and be- 
low the ocean floor and to decipher the role 
that these phenomena play in Earth’s sys- 
tems. The ocean floor is a favorable location 
for detection of seismic events in marine 
tectonic areas precisely because this area 
is a critical source of tectonic movement. 
Through a network of subsea seismom- 
eters, the interactions of tectonic plates can 
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be further elucidated. The study of seabed 
seismic activity can yield a better hazard as- 
sessment, thus improving detection, early- 
warning protocols, emergency response, 
and disaster preparedness. 

As in Monterey Bay, EMSO sea observato- 
ries are linked to the shore by optical cables 
that can be used in concert with DAS and 
complement the SMART (Science Moni- 
toring And Reliable Telecommunications) 
cable approach (7). For example, a 41.5-km 
telecom cable from the EMSO facility in 
Toulon, France, is being used to measure 
seafloor strain and ocean-solid Earth inter- 
actions from the coast to the abyssal plain 
(8). Furthermore, two recent studies (9, 10) 
used EMSO local network service and DAS 
to explore complex volcanic structures on 
the seafloor east of Sicily. Eighty percent of 
volcanic activity occurs in the oceans, and 
because of inaccessibility, little is known 
about the characteristics of volcano struc- 
tures and what they exude. 

These studies and that of Lindsey et al. 
demonstrate that DAS is a powerful tool for 
studying a variety of phenomena on land 
and under the sea. Data from this diverse 
research inform scientists on Earth’s struc- 
ture and physical mechanisms that drive 
mineral deposition, geothermal-fluids mi- 
gration, and volcanic processes. Fiber-optic 
networks already laid in cities for telecom- 
munication can be used to assess under- 
ground seismic hazards without the need 
for dense networks of sensors and comple- 
ment citizen-oriented initiatives such as the 
Seismic-Catcher network or LastQuake tele- 
com mobile applications (17, 12). Machine 
learning and automatic classification algo- 
rithms are required to process these data in 
real time and are under development (13). 
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Immunostimulatory gut bacteria 


Some bacterial species stimulate inflammation, 
autoimmunity, and anticancer immunity 


By Laurence Zitvogel!?34 and 
Guido Kroemer*>678 


tudies of the nature of the human- 
microbial “superorganism” indicate 

that many diseases are linked to 
widespread alterations of this hybrid 
ecosystem. For example, inflamma- 

tory disorders and malignancies have 

been associated with shifts in the composi- 
tion of the intestinal microbiota, causing 
a state of dysbiosis that reflects the patho- 
logical process and contributes to disease 
pathogenesis (J, 2). On page 1143 of this issue, 
Stein-Thoeringer et al. (3) find that shifts in 
several enterococcal bacteria species, in par- 
ticular an increase in Enterococcus faecium, 
favor severe inflammatory and immune-me- 
diated damage of the intestine in response to 
allogeneic hematopoietic cell transplantation 
(allo-HCT), which is used to treat hematolog- 
ical malignancies. This surge in FE. faecium in 
the gut correlates with increased graft-ver- 
sus-host disease (GVHD, in which immune 
cells from the donor attack the recipient) and 
reduced survival. These findings suggest that 
some enterococcal species may have immu- 
nostimulatory and pro-inflammatory effects. 
Allo-HCT is a severe procedure that re- 
quires immunosuppressive preconditioning 
of patients with high-dose chemotherapy. 
Following up previous work that suggested 
that the microbiota modulates the clinical 
outcome of allo-HCT (4), Stein-Thoeringer 
et al. investigated 1325 adult allo-HCT re- 
cipients (organized into two cohorts, a dis- 
covery cohort and a multinational validation 
cohort) and observed a shift in the intesti- 
nal microbiota toward domination by en- 
terococci. This shift had no impact on the 
advancement of the malignant disease, yet 
coincided with the presence of vancomy- 
cin-resistant enterococci (VRE). In several 
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mouse models of allo-HCT, the authors found 
a similar domination by enterococci, but also 
by another species, E. faecalis, which translo- 
cated beyond the intestinal barrier and into 
mesenteric lymph nodes. Enterococcal domi- 
nation was accompanied by a reduction of 
commensal Clostridia, with the consequent 
diminution of the anti-inflammatory metab- 
olite butyrate. Among the class of Clostridia, 
the genus Blautia, which produces an anti- 
biotic protein that inhibits VRE (5), was also 
depleted, suggesting a systemic alteration of 
the gut microflora. 

Analyses of the microbiome (bacterial 
genomes) from human allo-HCT recipients 
revealed increased expression of enzymes 
involved in degradation of the sugars lactose 
and galactose, which was associated with 
enterococcal domination. Mice undergoing 
allo-HCT exhibited a reduced expression 
of lactase (which degrades lactose) in their 
duodenum that was mediated by T cell- 
dependent inflammation, suggesting a state 
of lactose malabsorption and consequent in- 
crease of this disaccharide in the intestinal lu- 
men. Both FE. faecium and E. faecalis require 
lactose for their growth in vitro (they are 
lactose auxotrophs). Indeed, feeding mice un- 
dergoing allo-HCT with lactose-free chow re- 
duced the Enterococcus bloom, mitigated the 
severity of GVHD, and reduced the signs of 
T cell activation. These data suggest a causal 
link between enterococcal domination and 
GVHD. Notably, Stein-Thoeringer et al. found 
that allo-HCT patients bearing a genetic poly- 
morphism (rs4988235) that reduces lactase 
expression with attendant lactose malabsorp- 
tion exhibited prolonged enterococcal domi- 
nation compared to patients lacking such a 
polymorphism. These findings suggest that 
lactose is causally involved in the expansion 
and maintenance of enterococci in the fecal 
microbiota of patients. Whether rs4988235 
and lactose intake influences the severity of 
GVHD in patients remains to be determined. 

There are other clinical conditions in 
which enterococci may expand in the gut and 
contribute to disease pathogenesis. Proton 
pump inhibitors administered to mice cause 
the expansion of enterococci, including FE. 
faecalis (6). This favors ethanol-induced ste- 
atohepatosis (fatty liver disease with inflam- 
mation) and involves bacterial translocation 
into the liver and subsequent inflammation. 
Patients with gastritis who are treated with 
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proton pump inhibitors also exhibit fecal 
expansion of enterococci, and patients with 
a diagnosis of chronic alcohol abuse have a 
higher probability of developing alcoholic 
liver diseases when they use proton pump 
inhibitors (6). E. faecalis expresses a metal- 
loprotease that compromises the intestinal 
barrier (7). However, in mice, EF. gallinarum, 
another Enterococcus species that expands 
with proton pump inhibitors (6) but less so 
in GVHD (3), compromises ileal barrier func- 
tion more efficiently than does E. faecalis. 
When present as the dominant bacterial spe- 
cies in the gut, E. gallinarum can translocate 
to the mesenteric lymph node, spleen, and 
liver, triggering systemic autoimmunity (8). 
Another Enterococcus species, E. hirae, 
has been found to translocate to the spleen 
in tumor-bearing mice treated with the che- 
motherapeutic agent cyclophosphamide. In 
this context, E. hirae improves cyclophos- 
phamide-mediated tumor growth reduction 


ticancer immune responses (see the figure). 
Future research should compare the charac- 
teristics of different enterococcal species in a 
systematic fashion. 

It will be important to determine to what 
extent different Enterococcus species and 
strains are lactose-auxotrophic. Adult lactose 
intolerance is a prevalent condition, espe- 
cially among persons of non-European de- 
scent, and rs4988235 (lactase persistence) is 
associated with enhanced milk intake, higher 
waist circumference, and poor-prognosis car- 
diometabolic traits (12). Although lactase per- 
sistence has no impact on the mortality of the 
general population (73), it may be advisable 
to genotype patients at risk of enterococcal 
infection and to adapt their diet to avoid po- 
tentially lethal shifts in their intestinal flora. 
In addition, it may be useful to treat such pa- 
tients with specific bacteria that prevent VRE 
outgrowth, improve intestinal barrier func- 
tion, and reduce systemic inflammation. 


Enterococci in the intestinal ecosystem 

Various factors favor the expansion and dominance of enterococci bacteria in the gut, which can lead to 
translocation to other organs. Dominance of certain Enterococcus species can affect inflammation and 

immunity. For example, vancomycin-resistant enterococci (VRE) can promote graft-versus-host disease 
(GVHD) in patients receiving allogeneic hematopoietic cell transplantation. 


Causes of enterococci overgrowth 


Antibiotics 

Proton pump inhibitors 
Radiotherapy 
Cyclophosphamide 


Increased gut lumen 
concentration of lactose 
and galactose 


Lactose malabsorption 


(rs4988235 C/C alleles) Enterococci 


Dominance 
Barrier leakage 
Translocation (sepsis) 


through the stimulation of a T cell-mediated 
anticancer immune response (9). E. hirae also 
enhanced the efficacy of immune checkpoint 
blockade in mice with cancer (JO). In cancer 
patients, the fecal abundance of E. hirae corre- 
lated with the efficacy of immune checkpoint 
blockade and was associated with improved 
outcome of chemoimmunotherapy in ovarian 
and non-small cell lung cancers (9-11). 

It appears that a variety of medical treat- 
ments (allo-HCT, chemotherapy, immuno- 
therapy, and proton pump inhibitors), as well 
as lactose intolerance, can favor the expan- 
sion of several species of enterococci in the 
gut, and that several enterococci are facul- 
tative pathogens that stimulate pathogenic 
inflammation of the gut, steatohepatitis, and 
systemic autoimmunity, yet can also elicit an- 
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immunosurveillance 
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MATERIALS SCIENCE 


Surface 
nanopatterning 
with polymer 
brushes 


A variety of surfaces are 
patterned with precisely 
defined cylindrical micelles 


By Alejandro Presa Soto 


ational design of patterned surfaces 
over multiple length scales can be 
achieved through chemical strate- 
gies for fine-tuning the composition 
and chemical functionality. For ex- 
ample, “grafting-from” methods can 
tailor the surface properties by using poly- 
mer brushes—thin polymer films in which 
polymer backbones are tethered to a solid 
interface by one chain end (J). Chemical 
strategies can pattern surfaces at molecu- 
lar and macromolecular levels, but precise 
fabrication of nanopatterned surfaces that 
bear selected chemical functionalities is 
still challenging. On page 1095 of this issue, 
Cai et al. (2) present a versatile bottom-up 
strategy to fabricate well-defined nano- 
structures with precisely controlled chemi- 
cal functionalities on a variety of surfaces. 

Cylindrical micelles of controlled lengths 
were grown through living crystallization- 
driven self-assembly (CDSA) of block co- 
polymers (BCPs) from _ surface-confined 
crystallite “micelle seeds.” This strategy was 
used to control the wettability of surfaces 
and functionalize them with nanoparticles. 
This tailoring of surfaces led to demon- 
strated applications in separation, antibac- 
terial sterilization, and catalysis. 

Nature uses nanostructured functional 
materials to create a variety of surfaces 
with distinctive characteristics, as in the 
reduced drag of shark skin or the self- 
cleaning properties of lotus leaves, and 
has inspired methods that create artificial 
mimics of these structures. Self-assembly 
of BCPs can create a variety of tailored 
nanostructures with designed and con- 
trolled shapes (spheres, cylinders, lamellae, 
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gyroids, etc.) and dimensions (3). More- 
over, living polymerization techniques, in 
which chain growth is controlled by the 
supply of monomers from solution, lead 
to well-defined blocks that enable exqui- 
site control of BCP assembly pathways. For 
example, in poly(ferrocenyldimethylsilane) 
(PFS)-based BCPs, crystallization of the 
PFS core-forming block directs self-assem- 
bly processes, which lead to a 
variety of nanostructures such 
as di- and triblock co-micelles 
(4, 5), complex hierarchical su- 
permicelles (6), or decorated 
concentric rectangular plate- 
lets (7). Recently, the potential 
of the CDSA approach to grow 


can be called “micellization-from,” allows 
precise control of the chemical function- 
alities and properties embodied in the as- 
modified surfaces through the selection 
of the coronas of the PFS-based unimers. 
For example, hydrophobicity of silicon wa- 
fers was enhanced by using unimers that 
had hydrophobic polysiloxane corona- 
forming blocks. 


Nanofunctionalization of surfaces 
Schematic representation of the “micellization-from” 
process described by Cai et al. for the functionalization 
of surfaces with cylindrical micelle brushes. 


fibers of PFS-based BCPs on _ Surface adsorption : 
silicon nanoparticles (8) and Inmisonileationet Surface *. 
poly(ferrocenyldimethyl- in 


PFS-coated carbon nanotubes 
(9) was demonstrated. 

Building on previous suc- 
cesses of CDSA processes with 
PFS-based BCPs, Cai et al. report 
a general method for function- 
alizing surfaces with cylindrical 
micelle brushes of controlled 
length and tailored chemical 
functionalities (see the figure). 
Short cylindrical micelle seeds 
that have PFS crystalline cores 
and nitrogen-containing poly(2- 
vinylpyridine) (P2VP) coronas 
were attached to different sub- 
strates. In the case of silicon 
wafers and graphene oxide (GO) 
sheets, attachment occurred 
through hydrogen bonding be- 
tween pyridine groups of P2VP 
coronas and hydroxyl groups, 
and for GO, electrostatic inter- 
actions also occurred between 
pyridine groups and carboxyl 
groups of GO. The two ends of 
the surface-attached crystal- 
lite seeds have PFS cores that 
remain active for the addition 
of PFS-based BCPs (“unimers”) 
from solution. 

Further additions of un- 
imers led to cylindrical mi- 
celle brushes, and their length 
could be precisely controlled 
by the amount of unimers 
added from solution. This 
epitaxial growth process is 
similar to grafting-from ap- 
proaches but uses longer build- 
ing blocks (nanometer-sized 
cylindrical micelles) and has 
advantages over conventional 
approaches in terms of uni- 
formity and grafting density. 
The overall process, which 


(dark blue). 
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silane) (PFS, red) 
crystallite micelle seeds 
occurs on the surface 
through noncovalent 
interactions between 
poly(2-vinylpyridine) 
(P2VP) coronas 


Unimer 
addition 


Co-micelle formation 
Switching unimers 

to PFS-P2VP creates 
co-micelle brushes 
with blocks of different 
compositions. 


Nanoparticles 


say 


groups 


“Micellization-from” 


process 


copolyme 
epitaxially 


crystallite 
Cylindrica 


PFS-based block 


The outstanding potential and versatil- 
ity of the micellization-from approach was 
demonstrated by post-assembly functional- 
ization of P2VP coronas of micelle brushes. 
Functionalization of silicon wafers with 
gold nanoparticles created surfaces that 
could catalyze the reduction of 4-nitrophe- 
nol, and surfaces functionalized with sil- 
ver nanoparticles could resist the growth 
of Gram-negative Escherichia 
coli. The separation of heptane 
from a heptane-in-water emul- 
sion was achieved with GO- 
based membranes coated with 
micelle brushes that had posi- 
tively charged P2VP coronas. 

As the demand for advanced 
functional materials increases, 
the ability to control the precise 
functionalization of surfaces 
represents a major challenge. 
In this regard, the approach of 
Cai et al. represents a crucial 
step forward in the search for 
facile and general methodolo- 
gies leading to nanopatterned 
functional surfaces with tai- 
lor-made chemical function- 
alities. The authors take the 
self-assembly of BCPs, and par- 
ticularly the CDSA processes, 
to the next level of complexity 
by exploiting its advantages 


S grow 
from 


surface-confined 


seeds. 
micelle 


brushes of PFS-PDMS 


to provide reliable and conve- 
nient routes to nanofunctional- 
ized surfaces. With this work, 
they address one of the critical 
challenges of surface chemistry, 


(polydimethylsiloxane, the precise functionalization of 
Switch per surfaces, and have created a 
: crystallization-driven none 
unimer 
Me self-assembly (CDSA). powerful tool for fabricating 
adaition advanced functional materials 
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Micelle decoration 


brushes 


can be specifically 
functionalized at 
P2VP coronas, in 
this case with 

gold nanoparticles 
that catalyze 
chemical reactions. 


29 NOVEMBER 2019 * VOL 366 ISSUE 6469 


that can open up yet unfore- 
seen applications. ® 
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ENVIRONMENTAL SCIENCE 


The pursuit of Earth’s waters 


A historian shares stories of six scientists 
who laid foundations for modern climate science 


By Lydia Barnett 


ow did climatology become climate 

science? More fundamentally, how 

did the idea of Earth as an intercon- 

nected natural system—one of the 

conceptual foundations of climate 

science—emerge from a welter of 
different disciplines? In clear and engag- 
ing prose, historian Sarah Dry 
narrates the life stories of six 
individuals—from the Victorian 
British scientist John ‘Tyndall 
to the late-20th-century Danish 
glaciologist Willi Dansgaard— 
whose scientific careers helped 
lay the foundations for the mod- 
ern science of climate. 


mental aircraft to gather data about clouds 
by flying straight into them; and the Ameri- 
can oceanographer Henry Stommel, who 
once threw a sack of parsnips off the dock 
of an English lake to puzzle out the fluid dy- 
namics of the world’s major ocean currents. 

The main thread linking these biogra- 
phies is, as the book’s title suggests, water. 
Tyndall’s studies of glaciers and experi- 
ments with water vapor led him 
to develop the theory of green- 
house gases. Walker’s failed at- 
tempts to develop a science of 
monsoon prediction fostered 
instead a dawning realization 
that interlocking systems of high 
and low pressure conspired to 
produce what he called “world 


Waters of the World takes read- bea ie lg weather.” Simpson’s lifelong pur- 
ers from the lab to the study to University of Chicago suit of tropical clouds and storms 


the field and back again. In ad- 
dition to Tyndall and Dansgaard, 
we meet Charles Piazzi Smyth, a Scottish 
astronomer who traveled to the Canary Is- 
lands in search of the stars and ended up 
studying the clouds that obscured his view; 
Gilbert Walker, a meteorologist and math- 
ematician who analyzed weather data for 
the British Raj; the American meteorologist 
Joanne Simpson, who developed experi- 
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generated novel understandings 
of atmospheric circulation on a 
global scale, just as her contemporary Stom- 
mel’s work on the Gulf Stream revealed the 
interconnectedness of the world’s oceans. 
Dansgaard’s fascination with snow and 
rainwater led him to engineer the method 
of ice core sampling that proved founda- 
tional to the birth of paleoclimatology. 

Dry shows how disappointments and dead 
ends, creative workarounds, and the contin- 
gencies of funding, training, family relation- 
ships, scholarly networks, health and mental 
illness, and access to instruments, institu- 
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Military meteorologists prepare an instrument that 
will measure temperature, pressure, and humidity. 


tions, and other people’s labor all shaped sci- 
entific inquiry into the planet’s oceans, 
atmosphere, and ice sheets. As she writes 
in the book’s conclusion, “Global visions are 
necessarily made up of unglobal things—in- 
dividuals, places, moments in time.” 

Although her approach is primarily bio- 
graphical—each main chapter features one 
of the six aforementioned scientists—Dry 
insists that the work of individual scientists 
cannot be separated from the social and in- 
stitutional context in which they worked. 
Waters of the World is at its strongest when 
it situates its protagonists not only in their 
scientific milieu but also in networks of 
imperial, military, and technocratic power. 
The book’s middle chapters on Walker and 
Simpson are especially good in this respect. 

Gilbert Walker’s ability to collect data 
for his project on world weather, we learn, 
depended on the same infrastructure that 
enabled the British Empire to lay claim to 
India: telegraphs, railways, the British navy, 
and imperial networks of correspondence. 
His orders to find a way to predict mon- 
soons were, above all, a task of imperial gov- 
ernance in the face of repeated, large-scale 
famines in British India. (It later turned out 
that the famines were more the product of 
imperial mismanagement than of natural 
variability in the monsoon season.) 

State interests in predicting and control- 
ling the weather shaped Joanne Simpson’s 
career as well, which unfolded against the 
backdrop of the Cold War. Dry taps into the 
rich archive of Simpson’s personal papers 
to reveal her ambivalence about her in- 
volvement in Project Stormfury, a weather- 
modification project sponsored by the U.S. 
Navy and Department of Commerce. Simp- 
son viewed weather control as a means to 
fund her real research interests (tropical 
clouds), although she later expressed regret 
about her 2-year directorship of the program. 

Waters of the World is an accessible work 
of science history that draws on some of the 
best recent scholarship in the field. As Dry 
explains in the introduction, she was moti- 
vated to write it, in part, to challenge what 
she sees as “a larger attempt by climate sci- 
entists to tell a singular history of a hetero- 
geneous science.” 

As such, Waters of the World is a history 
that functions as a plea for interdisciplinary 
work on the problem of climate. The book 
ends with a call to climate scientists to em- 
brace their interdisciplinary roots and to 
recognize and celebrate that there are “mul- 
tiple ways of knowing the planet.” | 
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CLASSICS REVISITED 


Arbiters of truth, then and now 


A 40-year-old tome’s prescient observations about scientific fact-making resonate today 


By Joseph Swift 


n the 1970s, sociologist Bruno Latour 

wanted to observe how scientific facts 

emerged in real time. Preferring not 

to rely on researchers’ own accounts 

of how discoveries were made, he was 

keen to witness scientists work in situ. 
To achieve this, he served for 2 years as a 
resident anthropologist in Roger Guille- 
min’s laboratory at the Salk Institute for 
Biological Studies. 

The account of his stay, coauthored with 
Steve Woolgar and published 40 years ago 
under the title Laboratory Life: The So- 
cial Construction of Scientific Facts, raised 
contentious questions about the nature 
of scientific truths. Challenging the idea 
that facts are things discovered by scien- 
tists that reflect an objective reality, the 
authors argued that facts are instead tools 
constructed by scientists themselves. The 
book’s central claim divided scientists, 
while sociologists hailed it as a watershed 
moment in the study of science. 

Since the 1970s, the public’s faith in sci- 
ence as an arbiter of what is and what is not 
fact has waned. As a seminal work that casts 
fact-generating as a sort of culture, Labora- 
tory Life can help readers make sense of sci- 
ence’s ambiguous role in today’s society. 

Since the Enlightenment, philosophers 
have debated whether anyone can claim 
to know anything about reality. Spurred by 
rapid technological change and the rise of 
postmodernism, this question experienced 
a resurgence in the latter part of the 20th 
century. Laboratory Life was part of this 
revival. Its authors were particularly inter- 
ested in claims associated with specialized 
knowledge—the sort of facts that require 
teams of scientists and _ sophisticated 
equipment to reveal. 

During his time in QGuillemin’s lab, 
Latour noticed the defining role that lan- 
guage played in bringing well-hidden facts 
to light. He argued that it was not the ex- 
periment per se but the scientist’s interpre- 
tation of an experiment’s result that made 
phenomena real. 

When an experiment was conducted 
for the first time, any discussion about its 
findings was often hedged with qualifying 
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statements (e.g., “it seems like” and “this 
appears to be”). However, as a finding be- 
came more robust—if, for example, it was 
validated using a different method—the 
number of possible interpretations sci- 
entists drew upon grew smaller. Finally, 
when a finding became widely reproduc- 
ible or attained a certain degree of preci- 
sion, it began to be regarded as having 
obtained a sort of stability. At this point, 
the existence of the fact no longer hinged 
on a scientist’s interpretation; it was con- 
sidered a truth unto itself. But, as Latour 
and Woolgar noted, the consensus point 
where an observation was deemed to reach 
this stability was, by nature, arbitrary. 

Sociologists found this troubling. If lan- 
guage is the only way to signal what is a 
fact and what is not, then one could argue 
that facts themselves reside in language, 
not in an external reality. After all, if real- 
ity is essentially limitless, then language, 
which is finite, can never faithfully de- 
scribe reality. Scientists may dismiss this 
caveat as academic, but thinking about 
scientific facts as tools constructed by 
language helps clarify why current anti- 
scientific rhetoric is so effective. 

Because language allows for a gray area 
between unsubstantiated claims and con- 
crete facts, the role of the scientific commu- 
nity is to carefully shepherd findings along 
this continuum. In 1979, when Laboratory 
Life was published, this journey was fairly 
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The Large Hadron Collider offers insights into the Universe’s first moments. 
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insulated. At that time, discerning between 
what was fact and what was artifact was 
left mostly to scientists themselves. 

Today, it is a different story. The inter- 
net is a wide web of contradiction, where 
information can move rapidly within social 
networks. This renders the complicated 
phenomena that scientists study vulner- 
able to the turbulence that rhetoric can 
create. Findings that can upset the status 
quo—such as the biological mechanisms 
governing sexual orientation, or the safety 
of genetically modified food—can be diluted 
through rhetoric, regardless of whether the 
findings in question reflect an objective re- 
ality. If facts are tools made by language, 
they can be undone by language too. 

Forty years after its publication, Labo- 
ratory Life remains prescient in its ability 
to encourage scientists to see that descrip- 
tions of reality and reality itself are not the 
same thing. The gap that separates the two 
can, however, be made smaller by good sci- 
ence. While we may never touch reality, we 
can certainly get very close. 


10.1126/science.aaz3045 


PODCAST 


At the Edge of Time: Exploring 
the Mysteries of Our Universe’s 
First Seconds 

Dan Hooper 

Princeton University Press, 

2019. 248 pp. 


From dark matter to cosmic 
inflation, the cosmos contains 
tantalizing hints from the 
Universe's earliest moments. 
This week on the Science 
podcast, Dan Hooper unpacks 
what we know about the first 
seconds after the Big Bang 
and reveals how scientists are 
attempting to test theories 
about this pivotal period. 
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LETTERS 


Edited by Jennifer Sills 


Fires scorching Bolivia’s 
Chiquitano forest 


The Chiquitano Dry Forest—endemic to 
Bolivia, highly biodiverse, and considered 
the world’s best-preserved tropical dry 
forest (7)—has lost a staggering 1.4 million 
hectares to fires since July, about 12% of the 
Chiquitano forest area before the fires (2). 
As in Amazonia (3), fires in the Chiquitano 
are a sign of expanding cattle ranching and 
soybean agriculture: More than 70% of the 
burned area coincides with the deforesta- 
tion frontier (4), with widespread evidence 
of fires being ignited by people (5). 

Unfortunately, the Chiquitano also exem- 
plifies wider trends in Bolivia. The country 
ranks ninth in terms of primary forest 
globally but is among the five countries 
with the highest deforestation rates (6). 
A series of recent legal changes, issued by 
the Morales administration and aimed at 
expanding Bolivia’s agricultural area from 
3 to 13 million hectares by 2025 (7), are 
worsening these trends. Specifically, Law 
741 encourages agricultural expansion; Law 
1098 allows biofuel production and associ- 
ated cropland expansion; and Supreme 
Decree 3973 legalizes deforestation and 
controlled burns in lowland forests (8, 9). 
If current trends continue, Bolivia may lose 
most of its 50 million hectares of forest by 
2050 (10). This jeopardizes sustainable use 
of forest resources, freshwater provision- 
ing, food security, and the livelihoods of 
millions of people (8), while fueling climate 
change to which Bolivia is one of the most 
vulnerable countries globally (17). 

Across Bolivia, fires have already con- 
sumed 5.3 million hectares of forests and 
savannas since July (2). This unprecedented 
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disaster should trigger a reevaluation of 
Bolivia’s agricultural and economic policies. 
We urge the new Bolivian government to 
revise legislation encouraging agricultural 
expansion, to effectively protect remaining 
forests and the many ecosystem services 
they provide, and to encourage evidence- 
based, sustainable agricultural production in 
areas already transformed to agriculture. 


Alfredo Romero-Mufioz!**, Martin Jansen*“, 
Angela M. Nufiez®, Marisol Toledo®, Roberto Vides 
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Bolivia has lost 
aysubstantial portion of 
its forests to fires. 


Misguided approach 
to dengue vaccine risk 


In the In Depth News story “Controversy 
over dengue vaccine risk” (6 September, p. 
961), J. Cohen describes the anxiety of par- 
ents whose children were vaccinated with 
Dengvaxia after warnings that the vaccine 
could lead to severe dengue in rare cases 
in children who were seronegative (i.e., 
had never had a prior dengue infection) 
at the time of first vaccination. Vaccinated 
children who were seropositive at the time 
of vaccination experienced substantial 
protection, whereas children who were 
seronegative when vaccinated were found 
to be at higher risk of severe dengue than 
seronegative unvaccinated children (1). 
It is natural for parents to fear that their 
children were seronegative at the time of 
their vaccination and hence at increased 
risk, but these fears should not be unneces- 
sarily exacerbated. Cohen quotes Leonila 
and Antonio Dans, who call for testing of 
all vaccinated children to retrospectively 
determine their baseline serostatus before 
the administration of Dengvaxia. This 
approach is misplaced. 

In a seroprevalence setting in the 
Philippines estimated to be as high as 
85% (2), the vast majority of vaccinated 
children are seropositive and will benefit 
from the vaccine. As for many other vac- 
cines, protective efficacy is not complete 
but reported to be 76% in seropositive vac- 
cinated persons (1). Therefore, one would 
expect breakthrough disease, including 
severe dengue, in about 24% of seropositive 
vaccinated persons as a result of exposure 
to natural infection given the current 
dengue outbreak in the country (7). The 
clinical spectrum of severe dengue in sero- 
negative vaccinated children is the same as 
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in seropositive vaccinated or seropositive 
unvaccinated children (/, 4). Thus, clini- 
cal management of severe dengue is the 
same, irrespective of baseline serostatus at 
the time of administration of Dengvaxia. 
Testing vaccinated children would not 
change clinical management. 

Moreover, as Cohen points out, commer- 
cially available dengue immunoglobulin G 
enzyme-linked immunosorbent antibody 
(ELISA) testing will not be able to differenti- 
ate the effect of vaccination from the effect 
of natural dengue infection, and therefore 
it cannot identify those children who were 
seronegative at baseline. An elaborate assay 
such as the novel NS1I-based ELISA assay 
(3) must be used to retrospectively infer 
baseline serostatus. However, the ability of 
the NS1 assay to correctly detect “dengue- 
exposed” individuals as seropositive is 
estimated to be 95.3%, which means that 
the false negative rate (seropositive samples 
misclassified as seronegative) is 4.7%. The 
ability of the assay to correctly identify 
dengue unexposed individuals as seronega- 
tive is estimated to be 68.6%, which means 
that the false seropositive rate (seronegative 
samples misclassified as seropositive by 
the assay) is 31.4% (4). Therefore, among 
subjects classified as seropositive by the 
anti-NS1 assay, a proportion would be actu- 
ally seronegative and vice versa. This would 
result in unnecessary anxiety for those 
tested seronegative although they are actu- 
ally seropositive and would falsely reassure 
those tested seropositive who are actually 
seronegative. Furthermore, given the high 
annual dengue incidence in the Philippines, 
many of the originally seronegative children 
vaccinated in 2016 have meanwhile been 
exposed to dengue infections and become 
seropositive. These children would also be 
misclassified as seropositive. 

The costs and logistics of testing about 
800,000 children are immense and totally 
disproportionate to the benefit. The 
money would be better spent on improv- 
ing clinical case management and setting 
up centers of excellence to ensure bet- 
ter health outcomes of dengue patients, 
regardless of vaccination status. 
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Need for mountain 
weather stations climbs 


The recent special issue on Mountain 
Life (13 September, p. 1092) and the 
Intergovernmental Panel on Climate 
Change Special Report on the Ocean and 
Cryosphere in a Changing Climate (7) have 
highlighted the extent of climate change 
impacts in mountain environments. 
Globally, there is also increasing evidence 
for elevation-dependent warming (EDW), 
the amplification of warming at higher 
elevations compared with surrounding 
lowlands resulting from both local feedback 
processes and altered patterns of meridional 
heat transport (2-4). However, our ability to 
detect EDW remains limited because there 
are sparse meteorological records from 
higher elevations in most parts of the world. 

The Global Historical Climatology 
Network Monthly—Version 3 lists only 
84 weather stations above 2000 m. They 
are spread across 20 countries, but 68% 
of them are located in either the south- 
ern Rocky Mountains or greater Tibetan 
Plateau (5). There are many geographical 
gaps. For example, the vast mountain- 
ous regions of western Canada have few 
weather stations above the median eleva- 
tion of glaciers (about 2190 m in southern 
British Columbia and Alberta) (6). The 
network lists only one current station in 
Canada above 1300 m (Banff) (5). 

Ground observations are essential 
for understanding changes occurring at 
higher elevation. They cannot be replaced 
entirely by either remote sensing or climate 
reanalysis data because proxy observations 
are biased depending on external factors 
such as the extent of snow cover (7, 8). 
Informal meteorological stations have been 
established for a variety of research and 
avalanche forecasting purposes, but these 
are insufficient to address the EDW data 
gap. The World Meteorological Organization 
Global Cryosphere Watch program (9) has 
developed standards that should be adopted 
internationally, and we strongly encourage 
the establishment of comprehensive and 
sustained high-elevation meteorological 
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monitoring networks in order to properly 
study the influences of climate change on 
mountain environments. 
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TECHNICAL COMMENT ABSTRACTS 
Comment on “The global tree restoration potential” 


Andrew K. Skidmore, Tiejun Wang, Kees de Bie, 
Petter Pilesjé 

Bastin et al. (Reports, 5 July 2019, p. 76) 
claim that 205 gigatonnes of carbon can be 
globally sequestered by restoring 0.9 billion 
hectares of forest and woodland canopy 
cover. Reinterpreting the data from Bastin et 
al., we show that the global land area actu- 
ally required to sequester human-emitted 
CO, is at least a factor of 3 higher, represent- 
ing an unrealistically large area. 

Full text: dx.doi.org/10.1126/science.aazO111 


Response to Comment on “The global tree 
restoration potential” 


Jean-Francois Bastin, Yelena Finegold, Claude 
Garcia, Danilo Mollicone, Marcelo Rezende, 

Devin Routh, Constantin M. Zohner, Thomas W. 
Crowther 

Our study quantified the global tree resto- 
ration potential and its associated carbon 
storage potential under existing climate 
conditions. Skidmore et al. dispute our 
findings, using as reference a yearly estima- 
tion of carbon storage that could be reached 
by 2050. We provide a detailed answer 
highlighting misunderstandings in their inter- 
pretation, notably that we did not consider 
any time limit for the restoration process. 
Full text: dx.doi.org/10.1126/science.aaz0493 
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Bastin e¢ a/ (Reports, 5 July 2019, p. 76) claim that 205 gigatonnes of carbon can be globally sequestered 
by restoring 0.9 billion hectares of forest and woodland canopy cover. Reinterpreting the data from Bastin 
et a/., we show that the global land area actually required to sequester human-emitted CO; is at least a 
factor of 3 higher, representing an unrealistically large area. 


Bastin et al. (1) modeled the global potential tree coverage 
and found that there is room for an extra 0.9 billion ha of 
canopy cover, which could store 205 gigatonnes of carbon 
(GtC) in areas naturally supporting woodlands and forests. 
The IPCC modeling of the upper limit from pathways that 
could limit global warming to 1.5°C by 2050 (2) is 1 billion 
ha. We note that Bastin et al. do not consider forest rota- 
tions or biomass accumulation over time. Assuming that the 
IPCC model represents 30 years of C sequestration after tree 
restoration, we estimate Bastin et al.’s average global forest 
sequestration rate to be 6.8 GtC year?! (= 205 GtC/30 years), 
or 7.6 tC ha" year’ on 0.9 billion ha. Table 1 lists examples 
of realistic growth rates by biome found in the literature (3- 
15), with the global average forest sequestration rate being 
2.31 tC ha year™. Thus, the Bastin estimate for sequestra- 
tion of 7.6 tC ha™ year” is greater by approximately a factor 
of 3.2 (= 7.6/2.31), based on published research from flux 
towers and forest inventory plots across key global forest 
biomes (Table 1). In other words, the estimate of 205 GtC by 
Bastin et al. would actually require 2.88 (= 3.2 x 0.9) billion 
ha, and not 0.9 billion ha, to have an even chance of limit- 
ing warming to 1.5°C. 

In addition, the Bastin et al. estimate can be shown to 
overestimate the “remaining budget” of 158 GtC calculated 
by the IPCC. According to the IPCC, 158 GtC forms the 
threshold to accumulated atmospheric CO, for creating an 
even chance (medium confidence) of limiting global warm- 
ing to 1.5°C by 2050 on 1 billion ha. The Bastin et al. esti- 
mate of the “remaining budget” is 205 GtC on 0.9 billion ha, 
which is 30% higher than the IPCC (= 205/158) target for 1 
billion ha. How realistic is restoration on such a scale? An 
area of 2.88 billion ha is approximately equivalent to the 
area of Africa, 3 times that of the United States, or 115 times 
that of the United Kingdom. 

The Bastin et al. methodology further overestimates 
global tree restoration potential by assuming that tree cover 
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in protected areas (PAs) is a proxy for the maximum poten- 
tial canopy cover for that biome. This premise appears op- 
timistic because of the following issues: 

1) The reversibility principle of the IPCC ruled that for- 
ests established after 1989 (i.e., <30 years ago) cannot be 
counted as restored forests; this rule was agreed on to dis- 
courage land owners from cutting down trees and then 
claiming carbon credit payments for the “restoring” forest 
(16). 

2) Herbivores and browsers—including insects—are eco- 
logical engineers stopping huge areas of natural grasslands 
and savannas from converting to forest (17). 

3) Disturbance within PAs is not considered; for exam- 
ple, insect attack or wildfire reduces forest biomass accumu- 
lation (78). 

4) Many biomes are not represented within PAs because 
of historical land tenure and land use planning decisions. 

The claim of Bastin et al. that 900 million ha of global 
forest and woodland could potentially be restored is not 
supported by our analysis, if we adopt the IPCC modeling of 
the upper limit from pathways that could limit global warm- 
ing to 1.5°C by 2050 (2). This is especially the case when we 
consider that humans have deforested 13 million ha annual- 
ly for at least the past three decades, and that this deforesta- 
tion continues despite concerted efforts and substantial 
financial investment to reduce it. 

The seemingly good news in Bastin et al. requires an 
enormous land area. We estimate that the global land area 
required to sequester human-emitted CO, is at least a factor 
of 3 higher than estimated by Bastin et al. As much as we 
would like to embrace the central conclusion of Bastin et al. 
that ecosystem restoration is “one of the most effective solu- 
tions at our disposal to mitigate climate change,” we con- 
clude that the emerging global political myth of massive 
tree planting and restoration as a panacea for global warm- 
ing requires an unrealistically large area. Although tree 
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planting should be welcomed, curbing emissions appears to 
be the key, albeit politically challenging, action. 
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Table 1. Average carbon accumulation for different forest types. Note that the multiple values and/or ranges given 
for C production are as stated in the original references. 


Type of forest C production (tonnes ha! year) | Mean tonnes ha™ year! Reference 
Boreal forest 10 1.00 (3) 
Boreal forest 0.2, 0.4, 0.75 0.45 (4) 
Boreal forest 0.025-0.07; 0.025-0.09 0.05 (5) 
Temperate forest 1.8-3; 3.6-3.9 3.08 (6) 
Temperate forest 2.628 2.63 (7) 
Savanna 2.65-5.5; 0.65-1.50 2.58 (4) 
Savanna 0.38 0.38 (8) 
Tropical dry forest 1.8-3.3 2.55 (9) 
Tropical dry forest 3.36-4.05 3.70 (10) 
Humid tropical forest 4.2-6.3 5.25 (11) 
Humid tropical forest 1.06-1.73 1.40 (12) 
Humid tropical forest 0.74-2.75 1:75 (13) 
Plantation 2.4-2.6 2.50 (14) 
Plantation 5 5.00 (15) 

Mean of all forest types 2.31 
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Response to Comment on “The global tree restoration 


potential” 


Jean-Francois Bastin'*, Yelena Finegold”, Claude Garcia’, Danilo Mollicone’, Marcelo Rezende?, 
Devin Routh’, Constantin M. Zohner’, Thomas W. Crowther’ 


Crowther Lab, Department of Environmental Systems Science, Institute of Integrative Biology, ETH Zurich, Zurich, Switzerland. *Food and Agriculture 
Organization of the United Nations, Rome, Italy. 7Department of Environmental Systems Science, Institute of Integrative Biology, ETH Zurich, Zirich, 


Switzerland. 


*Corresponding author. Email: bastin.jf@gmail.com 


Our study quantified the global tree restoration potential and its associated carbon storage potential 
under existing climate conditions. Skidmore ef a/. dispute our findings, using as reference a yearly 
estimation of carbon storage that could be reached by 2050. We provide a detailed answer highlighting 
misunderstandings in their interpretation, notably that we did not consider any time limit for the 


restoration process. 


Skidmore et al. (7) calculated the yearly carbon storage asso- 
ciated to restoration from numbers provided in the IPCC 
special report Global Warming of 1.5°C (2) and projected 
them for 30 years. They use this to suggest that our esti- 
mates of total potential carbon storage in restoration areas 
are too high (3). Based on their analysis, they claim that we 
overestimated the amount of carbon that can be captured in 
restored trees by a factor of 3. Although we understand their 
concerns, we highlight several misunderstandings in their 
interpretation of the analysis that invalidate their comment. 

First, in our analysis, we never considered any time lim- 
it for the restoration process. Indeed, our study estimates 
the total carbon stock that can be associated to the optimal 
state of each ecosystem. As mentioned in the main text of 
our paper, the accumulation of carbon in forests would take 
a very long time to reach maximum potential carbon stor- 
age—considerably greater than the 30-year analysis (3). 
Consequently, the comparison proposed by Skidmore ez al. 
is not valid. 

We stress that our estimations of carbon stock were not 
calculated from simulated values of yearly accumulation of 
carbon. Instead, our values correspond to ground-based es- 
timates of the extent of carbon stored in mature forests. 
Yearly accumulation could eventually be compared to our 
numbers if the related simulation includes the appropriate 
nonlinear carbon accumulation and a stationary phase asso- 
ciated to the mature state of the ecosystem. The number of 
years required to reach this stationary phase should then be 
calculated for each pixel and then converted in a total in- 
crease of carbon stocks. This was not done in the analysis 
proposed by Skidmore et al. 

In the second part of the comment by Skidmore et al., 
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there is a critical misunderstanding. Contrary to what they 
suggest, our estimation of the 205 gigatonnes of carbon 
(GtC) that could be captured in restored ecosystems certain- 
ly does not reflect the “remaining budget” that we should 
overcome in order to limit global warming to 1.5°C. Instead, 
that is the amount of carbon that could potentially be stored 
in the vegetation and soil of terrestrial ecosystems if forests 
were restored across all available land. This is a misunder- 
standing of both our analysis and the IPCC special report 
(2). 

We would like to reexplain the main principles of our 
analysis. Simply put, we provide a quantitative estimation of 
the tree cover that could be naturally reached in any place 
of the world if the human activity were close to null [figure 
2A of (3)]. As such, we assessed the natural forest potential 
of the planet under existing climate conditions. These natu- 
ral conditions were approximated in building our model 
only considering protected areas. Here, it is important to 
note that in contrast to the suggestion of Skidmore e¢ al., 
the representativeness of each biome in protected areas was 
very good—a point illustrated by the extremely low level of 
extrapolation versus interpolation in our methods section 
[see figure S12 of (3)]. To realistically quantify areas that 
can potentially be restored, we then removed currently ex- 
isting forest, urban, and cropland areas from the total forest 
potential. This gives the “global tree restoration potential” 
illustrated in figure 2, B and C, of (3). The area of canopy 
cover (and not forest cover) available for restoration—i.e., 
900 million hectares—was then used to estimate the total 
amount of carbon stored. As previously mentioned, our es- 
timation of 205 GtC does not correspond to the sum of the 
yearly uptake of carbon in vegetation. It corresponds to the 
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quantity of carbon associated to the mature state of each 
ecosystem considered. This calculation was done using 
numbers published in the literature based on field plot ob- 
servation in each ecosystem (4, 5). We hope that this expla- 
nation helps to clarify our approach. 

Finally, our colleagues caution against interpreting 
these potential restoration estimates as a guide for climate 
action. Here we must again disagree. Although we would 
never want to discourage investment in all other climate 
solutions, we believe that continuing to underappreciate the 
value of restoration for climate mitigation, as well as for 
biodiversity and human well-being, is a greater danger. Un- 
til now, most of our understanding of restoration potential 
stemmed from Earth system models with high uncertainties 
(6) or from “expert opinion” pieces (7) that cannot reflect 
the full global potential for carbon capture. Quantitative 
global approaches based on observations, as presented in 
our study, are needed to understand and promote restora- 
tion as one of the most promising solutions at our disposal 
in the fight against the global threats of climate change and 
biodiversity loss. 
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AAAS NEWS & NOTES 


Indoor chemical pollution impacts often remain invisible 


AAAS Research Competitiveness symposium shows need for transdisciplinary collaboration 
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By Becky Ham “Bridging agencies that have different interests but around the 
same subject is something that is needed...and would be a very 
Furniture, flooring, construction materials, and humans and their welcome policy change,” to fund multidisciplinary research projects 
habits are just some sources of the thousands of particles and gases related to the indoor environment, agreed Richard Corsi, dean of the 
that surround people living indoors. As scientists collect increas- Maseeh College of Engineering and Computer Science at Portland 
ingly sophisticated data on the chemistry of the indoor environment, State University in Oregon. Corsi and other symposium participants 
policy-makers and industry leaders are seeking more information on also spoke at a related Capitol Hill briefing held 18 September for 
how to apply these findings to buildings and homes, experts said at an congressional staff members. 
American Association for the Advancement of Science symposium. The symposium and briefing were organized by AAAS's Research 
The term “environment” has a specific “outdoor” meaning for Competitiveness Program in collaboration with the Alfred P. Sloan 
many policy-makers and the public that has overshadowed the Foundation to facilitate “a new vision for what this transdisciplinary 
hazards of the indoor environment for pollution and human health, field of research has achieved and can achieve,” said Charles Dunlap, 


speakers at the event suggested. Such 
indifference exists even as Americans 
spend 70 years of an average 79-year life 


the program’s director. 
Since 1996, the Research Competi- 
tiveness Program has worked to build 


span inside. While the U.S. Environmental 
Protection Agency is the most prominent 
regulator of outdoor pollution, research 
and policy decisions about the indoor 
environment are spread across several 
federal agencies. 

It may be time for a “national chemis- 
try of the indoor environment initiative, 
similar to what we have done with the 
national nanotechnology initiative,” said 
Vicki Grassian, a professor of physical 
chemistry at the University of California, 
San Diego, who moderated the closing 


research capacity in science, technol- 
ogy, engineering, and mathematics by 
evaluating STEM education programs, 
helping design and manage peer review 
competitions, and supporting innovation 
and entrepreneurship in 130 emerging 
economies around the world. 

As part of the program, “we mobilize 
experts and bring them together to 
increase research capacity in a variety of 
ways,” said Annette Olson, an RCP project 
director at AAAS who led the organization 
of the events. “For this symposium, we 
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session at the 19 September symposium. Scientist measures indoor volatile organic compounds. sought to bring together experts in indoor 
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Researcher tests § chemistry with potential collaborators who could 
emissions after help fund the research moving forward or create 
stir fry for study new, multidisciplinary research efforts, as well as 
of indoor air. with agency and industry stakeholders who would 


be the ones implementing this knowledge directly. 
In addition to the speakers and moderators, representatives from 55 
organizations were able to attend the symposium.” 

At the events, experts shared studies that offer a detailed look at the 
thousands of chemicals and chemical reactions inside buildings, apart- 
ments, and homes. Chemical exposure is amplified by the amount of 
surface area inside buildings, many of the researchers noted. 

Surface areas provided by furniture materials such as poly- 
urethane foam, wall paints, and flooring offer complex, dynamic 
surfaces that both leach and absorb chemicals and provide a place 
for dynamic chemical reactions. Although exposure to some chemi- 
cals, including flame retardants and plasticizers, has been linked to 
the risk of certain cancers and developmental effects in children, 
many indoor compounds have not been identified or evaluated for 
their health impacts, the researchers said. 

For instance, there are “about 30,000 different chemicals in 
indoor dust—and we only know about 280 of them,” said Heather 
Stapleton, an associate professor of exposure science and environ- 
mental health at Duke University. “I spend a lot of time and money 
just trying to figure out what's in consumer products, particularly 
the flame retardants in polyurethane foam. Yet that information is 
available within the industry, but unfortunately they're not required 
to release that information to the public. They're allowed to main- 
tain confidential business information indefinitely.” 

Laura Kolb, EPA's Indoor Environments Division director for 
scientific analysis, said that more research would better define the 
risks of indoor chemicals. “| need to know what the implications for 
public health are, so | can translate it into EPA guidance,” she said. 

Several symposium participants suggested that the health 
impacts of chemicals in the indoor environment are still mostly 
invisible to the public. In his plenary address, Mahesh Ramanujam, 
president and chief executive officer of the U.S. Green Building 
Council and Green Business Certification, Inc., cited studies from 
the Harvard T. H. Chan School of Public Health and others that 
“found that improved indoor environmental quality can double 
occupants’ cognitive function scores and occupants had increased 
decision-making performance scores.” 

Despite this, many people do not know that “green buildings— 
or buildings at all—can contribute to health and wellness,” 
said Ramanujam. 

Health disparities related to the indoor environment are another 
aspect of the field that deserves more attention, some researchers 
noted. In one of Stapleton’s studies, for instance, children living in 
public housing with all vinyl flooring had levels of benzyl! butyl phthal- 
ate plasticizer in their urine that were 15 times higher than children 
from homes with no vinyl flooring. Lesliam Quirds-Alcala, an assistant 
professor of environmental health and engineering at Johns Hopkins 
Bloomberg School of Public Health, discussed how pest control in 
low-income housing could lead to increased levels of pesticide expo- 
sure for residents. 

As scientists study the chemical contents of the indoor environ- 
ment, their findings also suggest ways to reduce toxic chemical expo- 
sures. When Corsi and Glenn Morrison, a professor of environmental 
sciences and engineering at the University of North Carolina, studied 
how methamphetamines penetrate wallboard, they found that higher 
humidity could drive the chemicals off the surface. “If we understood 
this process a little better,” Corsi said, “it might be possible to reduce 
exposure to indoor pollutants like volatile organic compounds by 
simultaneously flushing the building while adjusting its temperature 
and humidity.” 


SCIENCE sciencemag.org 


Researcher measures organic acids in air for HOMEChem study. 


To control indoor pollution, researchers also need to know more 
about human behavior, Corsi noted. “Trying to understanding 
why some people don’t use the exhaust fan on their stove when 
they cook, or why some people like to burn a lot of incense or why 
some people like to vacuum 10 times a week as opposed to once a 
month...all of this affects what people are exposed to indoors.” 

Connecting research to action is possible and necessary, said 
Marina Eller Vance, an assistant professor of mechanical engineer- 
ing from the University of Colorado. Vance shared some of her 
results from HOMEChem, an ongoing research collaboration that 
examines the chemistry of the indoor environment in a manufac- 
tured “test house” at the University of Texas, Austin. 

“Sometimes | feel like | hear that we are powerless to change or 
to impact people's exposure to indoor pollutants because we can’t 
control what people do within their own homes, but that’s not true,” 
she said. “We can educate and interact with industry to make those 
changes happen upstream in the supply chain.” 


AAAS Council reminder 


The next meeting of the AAAS Council will take place during the 2020 
AAAS Annual Meeting in Seattle, Washington, and will begin at 9:00 
a.m.on 16 February 2020, Eliza Anderson (Amphitheater and Foyer). 

Individuals or organizations wishing to present proposals or resolu- 
tions for possible consideration by the council should submit them 
in written form to the AAAS Executive Office by 10 January 2020. 

This will allow time for them to be considered by the Committee on 
Council Affairs at its winter meeting. 

Items should be consistent with AAAS's objectives and be appro- 
priate for consideration by the council. Resolutions should be in the 
traditional format, beginning with “Whereas” statements and ending 
with “Therefore be it resolved.” 

Late proposals or resolutions delivered to the AAAS chief execu- 
tive officer in advance of the February 2020 open hearing of the 
Committee on Council Affairs will be considered, provided that they 
deal with urgent matters and are accompanied by a written expla- 
nation of why they were not submitted by the 10 January deadline. 
The Committee on Council Affairs will hold its open hearing at 2:30 
p.m. on 15 February 2020, in the Grand Hyatt Discovery A and B. 
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AAAS NEWS & NOTES 


2019 AAAS Fellows approved by the AAAS Council 


In October 2019, the Council of the American Association for the Advancement of Science elected 443 members 


as Fellows of AAAS. These individuals will be recognized for their contributions to science and technology 


at the Fellows Forum to be held on 15 February 2020 during the AAAS Annual Meeting in Seattle, Washington. 


Presented by section affiliation, they are: 


Section on Agriculture, Food, 
and Renewable Resources 


Lisa Ainsworth, USDA-ARS/Univ. of Illinois 
at Urbana-Champaign 


Senthold Asseng, Univ. of Florida 


Guihua Bai, U.S. Department of Agriculture- 
Agricultural Research Service 


Thomas Elmo Clemente, Univ. of Nebraska-Lincoln 
Karen A. Garrett, Univ. of Florida 


Jerry D. Glover, U.S. Agency 
for International Development 


Niklaus J. Grunwald, USDA-ARS 
Kater Davis Hake, Cotton Incorporated 


Dirk Inze, VIB-UGent Center for Plant Systems 
Biology/Ghent Univ. (Belgium) 


Isgouhi Kaloshian, Univ. of California, Riverside 
Susan J. Lamont, /owa State Univ. 


Thomas Leustek, Rutgers, The State Univ. 
of New Jersey 


Jonathan Lynch, Pennsylvania State Univ. 
John McKay, Colorado State Univ. 

Dina A. St. Clair, Univ. of California, Davis 
Peter Sutovsky, Univ. of Missouri 

Luther E. Talbert, Montana State Univ. 

Linda S. Thomashow, Washington State Univ. 


Leena Tripathi, International Institute of Tropical 
Agriculture (ITTA) (Kenya) 


Section on Anthropology 
C. Michael Barton, Arizona State Univ. 


Rachel Caspari, Central Michigan Univ. 
Susan Pfeiffer, Univ. of Toronto (Canada) 
Matt Sponheimer, Univ. of Colorado Boulder 
Wenda Trevathan, New Mexico State Univ. 


Sander Ernst van der Leeuw, Arizona State Univ. 


Section on Astronomy 
William Nielsen Brandt, Pennsylvania State Univ. 


Kathryn A. Flanagan, Space Telescope 
Science Institute 


Vassiliki Vicky Kalogera, Northwestern Univ. 
Makenzie Lystrup, Bal! Aerospace 


Colin Norman, Johns Hopkins Univ. 
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Sarah T. Stewart, Univ. of California, Davis 
Farhad Yusef-Zadeh, Northwestern Univ. 


Section on Atmospheric and 
Hydrospheric Science 
Waleed Abdalati, Univ. of Colorado Boulder 


Karl Banse, Univ. of Washington 


Leo J. Donner, NOAA Geophysical Fluid 
Dynamics Laboratory 


John A. Downing, Univ. of Minnesota 
Jenni L. Evans, Pennsylvania State Univ. 


Kelly Kenison Falkner, National Science 
Foundation 


Lee-Lueng Fu, Jet Propulsion Laboratory, 
California Institute of Technology 


Joan Kleypas, National Center 
for Atmospheric Research 


Patricia Quinn, NOAA Pacific Marine 
Environmental Laboratory 


Eric J. Steig, Univ. of Washington 
Ping Yang, Texas A&M Univ. 
Minghua Zhang, Stony Brook Univ. 


Section on Biological Sciences 
Réka Albert, Pennsylvania State Univ. 


Zhiqiang An, The Univ. of Texas Health 
Science Center 


William D. Beavis, lowa State Univ. 
Peter Beerli, Florida State Univ. 
Andrew Biewener, Harvard Univ. 
Gail A. Bishop, Univ. of lowa 


Ben Bond-Lamberty, Pacific Northwest 
National Laboratory 


Lynda Bonewald, Indiana Univ. 


Jacobus J. (Koos) Boomsma, 
Univ. of Copenhagen (Denmark) 


Cheryl Briggs, Univ. of California, Santa Barbara 
Susan V. Brooks, Univ. of Michigan 

Robb T. Brumfeld, Louisiana State Univ. 

Edgar B. Cahoon, Univ. of Nebraska-Lincoln 
Brian R. Calvi, Indiana Univ. 


Vernon B. Carruthers, Univ. of Michigan 
Medical School 


Bryan Carstens, The Ohio State Univ. 
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Julian Chen, Arizona State Univ. 


Luis M. Chiappe, Natural History Museum 
of Los Angeles County 


James Scott Coleman, Univ. of Arkansas 
Kathryn L. Cottingham, Dartmouth College 
Shane Crotty, La Jolla Institute for Immunology 
William (Bill) S. Currie, Univ. of Michigan 


Francesco J. DeMayo, National Institute of 
Environmental Health Sciences/NIH 


Kanwarpal Singh Dhugga, International Center 
for Maize and Wheat Improvement (CIMMYT) (Mexico) 


Enrico Di Cera, Saint Louis Univ. School of Medicine 


Nikolay Dokholyan, Pennsylvania State Univ. 
College of Medicine 


Meghan Duffy, Univ. of Michigan 

Steven A. Farber, Carnegie Institution for Science 
Cédric Feschotte, Cornell Univ. 

Kurt L. Fredrick, The Ohio State Univ. 

Erica Golemis, Fox Chase Cancer Center 

Tatyana Golovkina, Univ. of Chicago 

Christina M. Grozinger, Pennsylvania State Univ. 


John S. Gunn, Nationwide Children’s Hospital/ 
The Ohio State Univ. 


Melina Elisabeth Hale, Univ. of Chicago 

John Hammond, USDA-ARS 

Nissim Hay, Univ. of Illinois at Chicago 

Simon lain Hay, Univ. of Washington 

Eileen Anne Hebets, Univ. of Nebraska-Lincoln 

Eric Linke Hegg, Michigan State Univ. 

Oleh Hornykiewicz, Medical Univ. of Vienna (Austria) 
Zhiqiang Hu, Univ. of Missouri 

Henriette Jager, Oak Ridge National Laboratory 


Jean X. Jiang, The Univ. of Texas Health 
Science Center 


Igor Jouline, The Ohio State Univ. 


Cheryl A. Kerfeld, Michigan State Univ./Lawrence 
Berkeley National Laboratory 


Laura S. Kubatko, The Ohio State Univ. 
Justin P. Kumar, /ndiana Univ. 

Michael Lagunoff, Univ. of Washington 
Olivier Lichtarge, Baylor College of Medicine 
Erich R. Mackow, Stony Brook Univ. 

Michael T. Madigan, Southern Illinois Univ. 


Louis James Maher Ill, Mayo Clinic College 
of Medicine and Science 


Harmit Singh Malik, Fred Hutchinson Cancer 
Research Center 


Chuanbin Mao, Univ. of Oklahoma 
Emilia P. Martins, Arizona State Univ. 
Robert T. Mason, Oregon State Univ. 


Maureen C. McCann, Purdue Univ. 
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Victoria Meller, Wayne State Univ. 
Pamela L. Mellon, Univ. of California, San Diego 
Raymond J. Monnat Jr., Univ. of Washington 


Kirankumar S. Mysore, Noble Research 
Institute, LLC. 


Knute Nadelhoffer, Univ. of Michigan 
Wayne L. Nicholson, Univ. of Florida 
Thomas W. Okita, Washington State Univ. 


David M. Ornitz, Washington Univ. School 
of Medicine in St. Louis 


Caryn Elizabeth Outten, Univ. of South Carolina 
Craig Packer, Univ. of Minnesota 

Lawrence Page, Florida Museum of Natural History 
John (Sandy) S. Parkinson, Univ. of Utah 

Julia K. Parrish, Univ. of Washington 

Nicola Partridge, New York Univ. 

Charles Perrings, Arizona State Univ. 

Karin Pfennig, Univ. of North Carolina at Chapel Hill 


Elizabeth A. Platz, Johns Hopkins School 
of Medicine 


Kenneth D. Poss, Duke Univ. Medical Center 

David M. Post, Yale Univ. 

Ellen Puré, Univ. of Pennsylvania 

Jeffrey C. Rathmell, Vanderbilt Univ. Medical Center 
John P. Reganold, Washington State Univ. 

Howard Riessen, SUNY-Buffalo State College 
Wilson K. Rumbeiha, /owa State Univ. 

David V. Schaffer, Univ. of California, Berkeley 
Emily E. Scott, Univ. of Michigan 

Alessandro Sette, La Jolla Institute for Immunology 
Lindsey N. (Les) Shaw, Univ. of South Florida 
Aleem Siddiqui, Univ. of California, San Diego 


Stephen T. Smale, David Geffen School of Medicine 
at Univ. of California, Los Angeles 


Douglas Soltis, Univ. of Florida 


Andrew V. Suarez, Univ. of Illinois 
at Urbana-Champaign 


Michele S. Swanson, Univ. of Michigan 
Medical School 


David G. Thanassi, Stony Brook Univ. 

Shirley M. Tilghman, Princeton Univ. 

David M. Tobin, Duke Univ. 

David S. Ucker, Univ. of Illinois College of Medicine 
Meng C. Wang, Baylor College of Medicine 

Henry Neal Williams, Florida A&M Univ. 


Section on Chemistry 


Rebecca Abergel, Univ. of California, Berkeley/ 
Lawrence Berkeley National Laboratory 


Mark A. Beno, Argonne National Laboratory 
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Stephen Bradforth, Univ. of Southern California 
Amanda C. Bryant-Friedrich, The Univ. of Toledo 
Julia Chan, The Univ. of Texas at Dallas 

Aurora Evelyn Clark, Washington State Univ. 
Paula Diaconescu, Univ. of California, Los Angeles 
Andrey V. Dobrynin, The Univ. of Akron 


Arlene A. Garrison, Oak Ridge 
Associated Universities 


Steven McGrath Graham, St. John's Univ. 
R. Kiplin Guy, Univ. of Kentucky 
Adam L. Hamilton, Southwest Research Institute 


Paul J. Hergenrother, Univ. of Illinois 
at Urbana-Champaign 


Andrew C. Hillier, lowa State Univ. 


Jennifer A. Hollingsworth, Los Alamos 
National Laboratory 


Xuefei Huang, Michigan State Univ. 

Nicholas V. Hud, Georgia Institute of Technology 
Bart Kahr, New York Univ. 

Todd D. Krauss, Univ. of Rochester 

Carsten Krebs, Pennsylvania State Univ. 


George I. Makhatadze, 
Rensselaer Polytechnic Institute 


Thomas Graves Mason, Univ. of California, 
Los Angeles 


Michael G. Matturro, ExxonMobil Research 
and Engineering 


Gagik G. Melikyan, California State Univ., Northridge 
Benjamin L. Miller, Univ. of Rochester 
Tina M. Nenoff, Sandia National Laboratories 


Thuc-Quyen Nguyen, Univ. of California, 
Santa Barbara 


Peter Nickias, Dow Chemical Company 
Marc D. Porter, Univ. of Utah 

Carol Beth Post, Purdue Univ. 

Krishnan Raghavachari, Indiana Univ. 
Susan Richardson, Univ. of South Carolina 


Kenneth Ruud, Univ. of Troms@ - The Arctic Univ. 
of Norway (Norway) 


Zachary Schultz, The Ohio State Univ. 
George C. Shields, Furman Univ. 

Zuzanna Siwy, Univ. of California, Irvine 
Peter J. Tonge, Stony Brook Univ. 

Marek Urban, Clemson Univ. 

David Van Vranken, Univ. of California, Irvine 
Michael VanNieuwenhze, Indiana Univ. 
Helma Wennemers, ETH Zurich (Switzerland) 


Hao Yan, Arizona State Univ. 


Section on Dentistry and 
Oral Health Sciences 


Carolyn W. Gibson, Penn Dental Medicine 


Janet Moradian-Oldak, Univ. of Southern California 
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Lynne A. Opperman, Texas A&M Univ. College 
of Dentistry 


Michael W. Russell, Univ. at Buffalo, The State Univ. 
of New York 


Kelly G. Ten Hagen, National Institute of Dental 
and Craniofacial Research/NIH 


Section on Education 
Carol A. Brewer, Univ. of Montana 


Anthony Carpi, John Jay College of Criminal 
Justice, CUNY 


Jennifer Lynn Cutaro, Science Storytellers 
Zoubeida R. Dagher, Univ. of Delaware 

Susan Elrod, Indiana Univ. South Bend 

Barbara L. Gonzalez, California State Univ., Fullerton 


Robert Hilborn, American Association 
of Physics Teachers 


Toby Horn, Retired 

Kenneth L. Huff, Mill Middle School 

Elizabeth F. Karplus, Mills College 

Eric Klopfer, Massachusetts Institute of Technology 
Michael C. Lach, Township High School District 113 
Joseph S. Levine, Freelance author and editor 
Michael Mayhew, Science Education Solutions 
Marisa L. Pedulla, Montana Technological Univ. 


Maria Varelas, Univ. of Illinois at Chicago 


Section on Engineering 
Douglas E. Adams, Vanderbilt Univ. 


Avinash Kumar Agarwal, Indian Institute 
of Technology Kanpur (India) 


Andrew G. Alleyne, Univ. of Illinois 
at Urbana-Champaign 


Andrea Alu, CUNY Advanced Science 
Research Center 


Rajeevan Amirtharajah, Univ. of California, Davis 


Arthur B. Baggeroer, Massachusetts Institute 
of Technology 


John Ballato, Clemson Univ. 

Ravi Bellamkonda, Duke Univ. 

Robert H. Bishop, Univ. of South Florida 

David Cahill, Univ. of Illinois at Urbana-Champaign 
Ashutosh Chilkoti, Duke Univ. 

George Chrisikos, NA 
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Spin-bearing defects 
in graphene 
Lombardi et al., p. 1107 


IN SCIENCE JOURNALS 


Edited by Stella Hurtley 


MOLECULAR BIOLOGY 


The fitness landscape of AAV 


deno-associated virus (AAV) is an 

important gene therapy vector. Using 

tools from synthetic biology, Ogden 

et al. provide a comprehensive view 

of how sequence changes in capsid 
proteins affect AAV properties. After satu- 
ration mutagenesis of the AAV2 capsid 
gene, the resulting library was subjected 
to multiplexed phenotypic analyses, 
including virus production, immunity, 
thermostability, and biodistribution. The 
mutant distribution to major organs in 
mice revealed dominant trends affecting 
in vivo delivery. Moreover, the findings 
uncovered a viral accessory protein with 
a role in viral production. Finally, a model 
built from the capsid fitness landscape 
enabled machine-guided design of useful 
variants with much higher efficiency than 
random mutagenesis. —SYM 


Science, this issue p. 1139 


Computer-generated image of the atomic 


SUPERCONDUCTIVITY 
Asharp boundary 
in the cuprates 


Many physicists working on 
cuprate superconductors believe 
that the so-called strange 
metal phase in the cuprate 
phase diagram is associated 
with a quantum critical point. 
Within this picture, the quan- 
tum critical point gives rise to a 
V-shaped region in the doping- 
temperature phase diagram 

of the cuprates: the strange 
metal phase. Chen et al. used 
angle-resolved photoemission 
spectroscopy in the cuprate 
family Bi2212 to challenge this 
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view. By taking comprehensive 
measurements as a function of 
doping and temperature—and 
making sure that the signal was 
not affected by environmental 
conditions—they found an inco- 
herent strange metal phase that 
was sharply separated from a 
conventional phase by a temper- 
ature-independent vertical line in 
the phase diagram. —JS 

Science, this issue p. 1099 


ELASTOCALORICS 
Amillion times cooler 


Elastocaloric materials can be 
used for solid-state cooling 
applications because they can 
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pump heat out of a system 
using a reversible phase 
transformation. However, many 
such materials fail after a small 
number of cycles. Hou et al. 
found that laser melting of 
elastocaloric metals can create 
fatigue-resistant microstruc- 
tures. A nickel-titanium—based 
alloy could be cycled a million 
times and still produce a 
cooling of about 4 kelvin. This 
processing method could 
improve elastocaloric perfor- 
mance and move us closer to 
using these materials more 
widely for solid-state cooling 
applications. —BG 

Science, this issue p. 1116 
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structure of adeno-associated virus 


MATERIALS SCIENCE 
Growing polymer brushes 
from surfaces 


Surface functionalization is 
important in a broad range of 
fields. One approach involves 
polymer brushes, where poly- 
mer chains are grafted onto 

a surface. Cai et al. describe 
the nanoscale functionaliza- 
tion of surfaces by exploiting 
the living crystallization-driven 
self-assembly of polyferrocenyl- 
based block copolymers (see 
the Perspective by Presa Soto). 
Small crystalline cylindrical 
micelle seeds were attached 
using noncovalent bonds to 
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a variety of surfaces, includ- 
ing silicon wafers, graphene 
oxide nanosheets, and gold. 
Addition of dissolved unimers 
over the seed-coated surfaces 
allowed micellar brushes to 
grow. Protonation and post- 
decoration with gold and silver 
nanoparticles demonstrated the 
applicability of such modified 
surfaces in catalysis, as antibac- 
terial agents, and in separation 
processes. —MSL 

Science, this issue p. 1095; 

see also p. 1078 


ENHANCER GENOMICS 
Linking enhancers 
to disease 


Enhancers are genomic regions 
that regulate gene expression, 
sometimes in a cell-dependent 
manner. However, most of our 
knowledge of human brain cell- 
type enhancers derives from 
studies of bulk human brain 
tissue. Nott et a/. examined chro- 
matin and promoter activity in 
cell nuclei isolated from human 
brains. Genetic variants associ- 
ated with brain traits and disease 
showed cell-specific patterns 
of enhancer enrichment. These 
data indicate that Alzheimer’s 
disease is regulated by genetic 
variants within microglial cells, 
whereas psychiatric diseases 
tend to affect neurons. —LMZ 
Science, this issue p. 1134 


MICROBIOME 
Lactose can fuel GVHD 


Allogeneic hematopoietic cell 
transplantation (allo-HCT) is 
used to treat certain hema- 
topoietic malignancies, but 
patients have a risk of develop- 
ing graft-versus-host disease 
(GVHD). Stein-Thoeringer et 

al. performed a large-scale 
analysis of more than 1300 
patients treated with allo-HCT 
across four clinical centers (see 
the Perspective by Zitvogel and 
Kroemer). High levels of bacteria 
from the Enterococcus genus 
were associated with greater 
incidence of GVHD and mortal- 
ity. Lactose appears to provide 
a substrate for Enterococcus 
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growth, and patients with a 
lactose-malabsorption genotype 
had a greater abundance of 
Enterococcus. A lactose-free diet 
limited Enterococcus growth, 
reduced the severity of GVHD, 
and improved survival in gnoto- 
biotic mouse models. —PNK 
Science, this issue p. 1143; 
see also p.1077 


HIV 
Early to treat, early 
to thrive 


Timing of antiretroviral therapy 
(ART) initiation for HIV can 
influence viral-reservoir seeding 
and also the immune response. 
However, this has not been 
well characterized in neonatal 
HIV infection. To discern how 
ART affects neonates, Garcia- 
Broncano et al. studied infants 
from Botswana who were placed 
on ART hours or months after 
birth. Early initiation of therapy 
reduced seeding of the viral 
reservoir and also modulated 
natural killer cell and T cell 
responses to HIV. Thus, immedi- 
ate ART initiation—earlier than 
the current guidelines of a few 
weeks—could provide real ben- 
efit to infants with HIV. —LP 

Sci. Transl. Med. 11, eaax7350 (2019). 


TUMOR IMMUNOTHERAPY 
New cell therapy fights 
brain tumors 


An adoptive cellular therapy 
that expands clonal T cells could 
help fight deadly heterogeneous 
brain tumors, medulloblastoma, 
and glioblastoma. Working in 
mice, Flores et al. used dendritic 
cells expressing tumor RNA to 
expand polyclonal T cells that 
quickly react against a variety of 
different antigens within different 
brain tumors. Promising results 
were also obtained in a patient 
with recurrent medulloblastoma. 
Although previous adoptive T cell 
therapies have proven effective 
against several advanced cancers, 
the current method could provide 
patients with effective T cell 
therapy for brain tumors. —SMF 
Sci. Adv. 10.1126/ 
sciadv.aav9879 (2019). 


IN OTHER JOURNALS 


DRUG SOLVATION 


Edited by Caroline Ash 
and Jesse Smith 


Aspoonful of sugar for your coffee 


Ithough we brew coffee and tea in water, the psychoac- 

tive drug we crave, caffeine, is moderately hydrophobic 

and becomes more so as the temperature of a beverage 

decreases. Stacked aggregates of caffeine molecules, 

which may have different properties, can form at satura- 
tion. Shumilin et a/. investigated the distribution of caffeine 
aggregates and monomers in response to increasing concen- 
tration of acommon excipient: sugar. Although various sugars 
decreased overall caffeine solubility, they had a preferential 
effect on oligomers and resulted in a higher relative proportion 
of caffeine in the monomer form. —MAF 


J.Am. Chem. Soc. 141, 18056 (2019). 


Adding sugar to coffee can change the solubility and aggregation 


behavior of caffeine molecules. 


HEART DISEASE 
Exercise finds its niche 


Regular physical activity is asso- 
ciated with a lower rate of death 
from heart disease, but the 
underlying mechanisms are not 
fully understood. Frodermann 
et al. examined the effect of 
exercise on cardiovascular 
inflammation, a known risk 
factor for atherosclerosis, 
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by studying mice that volun- 
tarily ran for long distances on 
exercise wheels. They found that 
these physically active mice had 
fewer inflammatory cells (leuko- 
cytes) than sedentary mice, an 
effect they traced to diminished 
activity of hematopoietic stem 
and progenitor cells (HSPCs). 
The lower activity of HSPCs was 
due at least in part to exercise- 
induced reduction in the levels 
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Honey bee, 
Apis mellifera, 
feeding on 

a strawberry 
flower 


of leptin, a hormone produced 
by fat tissue that regulates cells 
within the hematopoietic bone 
marrow niche. —PAK 

Nat. Med. 25,1761 (2019). 


CELL BIOLOGY 
Prising open 
the human brain 


Meningococcus (Neisseria 
meningitidis) causes meningitis 
and rapidly progressing fatal 
shock, but only in humans. To 
invade the brain, meningococ- 
cus uses its filamentous pili to 
hijack the B,-adrenergic receptor 
(BAR), inducing an allosteric 
B-arrestin—biased signaling cas- 
cade in endothelial cells lining 
the capillaries of the brain. This 
cascade allows bacterial colo- 
nies to tether to endothelial cells, 
despite the shear stress of blood 
flow, and also promotes opening 
of endothelial junctions, which 
allows bacteria to penetrate 

the brain. Virion et al. sought to 
understand how a G protein- 
coupled receptor is activated by 
bacterial type IV pili proteins to 
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transduce a signaling cascade 
that normally needs a cognate 
ligand. They found that 8,AR 
activation requires two aspar- 
agine-branched glycan chains 
with terminally exposed sialic 
acid residues. Meningococcus 
triggers receptor signaling by 
exerting mechanical forces on 
B.AR glycans with its retractable 
pili. Because human glycans are 
unusual in exposing sialic acid 
residues on their glycans, this 
mechanism may help explain the 
specificity of meningococcus to 
its human host. -SMH 


Nat. Commun. 10, 4752 (2019). 


NEUROSCIENCE 
How to assemble a 


glutamate receptor 

The biogenesis of the AMPA 
glutamate receptor, which medi- 
ates fast synaptic transmission 
in the central nervous system, is 
not understood. Using a variety 
of high-resolution techniques, 
as well as behavioral studies, 
Schwenk et al. identified the 
protein constituents of the 
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production line in the endoplas- 
mic reticulum that assembles 
functional AMPA receptors in 
the mammalian brain. These 
protein constituents help to 
generate tetrameric assemblies 
from monomers of pore-forming 
receptor subunits. Genetic dele- 
tion of the oligomerizing proteins 
profoundly altered AMPA 
receptor—mediated neurotrans- 
mission and synaptogenesis, 
abolished activity-driven plas- 
ticity, and severely impaired 
learning in mice. —PRS 
Neuron 10.1016/ 
j-neuron.2019.08.033 (2019). 


ARCTIC WARMING 
Snow job 


What is the cause of the observed 
reduction of surface albedo in 

the Arctic since the early 1980s? 
This surface albedo reduction 

is thought to be a major reason 
that the Arctic has warmed at a 
rate two to three times greater 
than the global average. Zhang 

et al. show that reductions of 
terrestrial snow cover, Snow cover 
fraction over sea ice, and sea ice 
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MUTUALISM 
Root to shoot protection 


oble rot caused by the gray mold 
Botrytis cinerea is essential to pro- 
ducing the world's finest wines, but 
under different conditions, this mold 
devastates soft fruit crops. Kim et al. 
investigated how plants and their microbial 
partners defend against this ubiquitous 
greenhouse pathogen. They identified a 
filamentous Streptomyces sp. bacterium, a 
genus renowned for synthesizing antibiotic- 
like molecules, associated with strawberry 
plants. Streptomyces globisporus SP6C4 
was found in all vascular tissues of the 
plants, even in the pollen. The occurrence 
of SP6C4 associated with low levels of mold 
disease. In greenhouse experiments, honey 
bees ingested the SP6C4-laden strawberry 
pollen and not only benefited from a reduc- 
tion in potential insect pathogens but also 
acted as vectors of the protective SP6C4 
to mold-susceptible greenhouse plants. 
The natural products produced by SP6C4 
have not yet been characterized. —CA 


Nat. Commun. 10, 4802 (2019). 


extent are coequally responsible 
for the albedo decline and that 
the decrease in snow cover is 
primarily due to rising surface air 
temperatures. Soot deposition 
has not been an important factor 
in the albedo change. —HJS 

Proc. Natl. Acad. Sci, U.S.A. 10.1073/ 

pnas.1915258116 (2019). 


INORGANIC CHEMISTRY 
Aluminum squared 


Three-coordinate aluminum com- 
pounds are potent Lewis acids: 
They readily attract electron 
donors, binding them to forma 
saturated tetrahedral product. 
Ebner et a/. now report that 
four-coordinate aluminum can 
act as a Lewis acid, too, so long 
as it’s forced ahead of time into a 
square planar geometry. To attain 
this unusual bonding motif, they 
embedded an aluminum(lII) ion 
within a macrocycle of four nega- 
tively charged pyrrole donors. 
In addition to binding tetrahy- 
drofuran, this aluminum center 
accepted hydride and fluoride 
ligands. —JSY 

J.Am. Chem. Soc. 141, 18009 (2019). 
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NEUROSCIENCE 
Brain anatomy revealed 
in startling detail 


The mammalian cerebral cortex 
is an enormously complex net- 
work of neuronal processes that 
are long and thin, branching, and 
extremely densely packed. This 
high packing density has made 
the reconstruction of cortical 
neuronal networks challeng- 
ing. Motta et al. used advanced 
automated imaging and analysis 
tools to reconstruct with high 
spatial resolution the morpho- 
logical features of 89 neurons 
and their connections in the 
mouse barrel cortex. The recon- 
struction covered an area more 
than two orders of magnitude 
larger than earlier neuroana- 
tomical mapping attempts. This 
approach revealed information 
about the connectivity of inhibi- 
tory and excitatory synapses 
of corticocortical as well as 
excitatory thalamocortical con- 
nections. —PRS 

Science, this issue p. 1093 


SEISMOLOGY 
Marine observations 
with optics 
Placing sensors on the seafloor 
is difficult, but a sensor network 
has huge potential for observ- 
ing processes occurring both 
below and above the seafloor. 
Lindsey et al. measured acoustic 
vibrations collected by attach- 
ing a laser to the Monterey 
Accelerated Research System's 
subsea optical fiber during 
a maintenance period (see 
the Perspective by Jousset). 
Acoustic waves were monitored 
by changes in laser light along 
the cable. The observations from 
just a few days allowed mapping 
of an unknown fault system and 
detection of several dynamic 
processes in the water column 
above. —BG 

Science, this issue p. 1103; 

see also p. 1076 
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QUANTUM MATERIALS 
Controlling quantum 
defects in graphene 


The development of quantum 
technologies relies on the abil- 
ity to fabricate and engineer 
materials with robust quantum 
properties. The controlled 
introduction of defects in 
semiconductors is one of the 
most promising platforms under 
development. With the capabil- 
ity to precisely position point 
defects (five-membered rings) in 
the graphene honeycomb lattice, 
Lombardi et al. explored recent 
theoretical work suggesting that 
such defects should display 
enhanced quantum properties 
(see the Perspective by von 
Kugelgen and Freedman). The 
spin-bearing properties of the 
defects and the engineered 
control of their interactions 
open up exciting possibilities for 
graphene-based spintronics and 
quantum electronics. —ISO 
Science, this issue p. 1107; 
see also p. 1070 


CHEMICAL PHYSICS 
Glimpsing an exchange 
of partners 


When two diatomic molecules 
collide, they can sometimes 
swap partners. For instance, 
two potassium-rubidium (KRb) 
molecules can produce K, and 
Rb,. The four-atom intermediate 
formed upon collision is typi- 
cally too scarce and short-lived 
to spot, even using ultrafast 
techniques. Hu et al. circum- 
vented this problem by studying 
the reaction at temperatures 
approaching O kelvin. Using a 
combination of mass spectrom- 
etry and velocity-map imaging, 
the authors directly character- 
ized the ionized K,Rb, complex 
as well as the reactant and 
product populations. —JSY 
Science, this issue p. 1111 
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NEUROSCIENCE 
Keeping tabs on bad 
experiences 


Identifying the neural basis 
underlying how we acquire, 
process, and store negative 
experiences could help the 
search for effective treatments 
for mood disorders. Sz6nyi et al. 
used a range of neuroscientific 
tools to elucidate the role of a 
specific neural circuit that origi- 
nates in the median raphe region 
of the murine brainstem (see the 
Perspective by |kemoto). A sub- 
population of excitatory neurons 
projected to aversive brain areas 
and received recurrent feedback 
from the lateral habenula and 
convergent feedback from a 
range of fear-related circuitry. 
These neurons were activated 

by aversive stimuli, and artificial 
stimulation promoted aversion 
or anxiety-related behavior. This 
group of cells thus plays a pivotal 
role in anetwork that helps to 
mediate aversive motivation. 
—PRS 


Science, this issue p. 1094; 
see also p. 1071 


MAGNONICS 
Toward magnonic devices 


The field of magnonics aims 
to use spin waves (SWs) and 
their associated quasipar- 
ticles—magnons—as carriers 
of information. Compared with 
the movement of charge in 
conventional electronics, a major 
advantage of SWs is reduced 
Joule heating. However, SWs are 
trickier to direct and control. Two 
groups now go a step further 
toward magnon-based devices. 
Han et al. show that in multi- 
layer films, domain walls can be 
used to change the phase and 
magnitude of a spin wave. Wang 
et al. demonstrate how magnon 
currents can be used to switch 
the magnetization of an adjacent 
layer. —JS 

Science, this issue p. 1121, p. 1125 
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BIOCHEMISTRY 
CTP hydrolysis organizes 


chromosomes 


The bacterial DNA parS centro- 
mere recruits the ParB protein to 
the bacterial chromosome. Soh 
et al. found that the widespread 
family of ParB proteins not only 
bind DNA but also bind and 
hydrolyze cytidine triphosphate 
(CTP) (see the Perspective by 
Funnell). ParB CTP hydrolysis is 
stimulated by parS and regulates 
the spreading of ParB protein 
to the parS flanking regions, 
which is crucial for organizing 
the bacterial chromosome. The 
cytidine triphosphatase domain 
is conserved in a large variety of 
protein sequences, suggesting 
its potential roles in other cel- 
lular processes. —SYM 

Science, this issue p. 1129; 

see also p.1072 


PROTEIN FOLDING 
A pathway for helical 
membrane proteins 


Membrane proteins are inserted 
into cell membranes while they 
are being translated and may 
fold concurrently into their sec- 
ondary and tertiary structures. 
Choi et al. describe a single- 
molecule force microscopy 
technique that allowed them to 
monitor folding of helical mem- 
brane proteins in vesicles and 
bicelles. Two helical membrane 
proteins, the Escherichia coli 
rhomboid protease GlpG and the 
human B,-adrenergic receptor, 
both folded from the N to the C 
terminus, with structures form- 
ing in units of helical hairpins. In 
the cell, this would allow these 
proteins to begin folding while 
being translated. —VV 

Science, this issue p. 1150 
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IMMUNOLOGY 
Microbiota influence 
vaccine responses 


Responses to vaccines can be 
variable, and recent findings 
suggest a potential explanation 
may lie in the influence of gut 
microbiota. In a Perspective, 
Pulendran discusses how 
systematic analyses of vaccina- 
tion responses—for example, 
to the influenza vaccine—are 
revealing insights into vaccine 
responses and the importance 
of the gut microbiota in forming 
immunogenicity to infectious 
disease. This has implications for 
vaccine design and for stratify- 
ing individuals according to likely 
vaccine response. —GKA 

Science, this issue p. 1074 


T CELLS 
Charting MAIT cell 
development 


Mucosal-associated invariant 
T (MAIT) cells are a distinct 
subset of T cells that recognize 
vitamin B metabolites presented 
by major histocompatibility 
complex class |-related protein 
(MR1). Koay et al. used bulk 
and single-cell RNA sequencing 
and flow cytometric analysis to 
characterize the development of 
murine and human MAIT cells. 
In addition to providing a clearer 
picture of MAIT cell development 
in the thymus, the studies uncov- 
ered several molecules that 
play key roles in regulating this 
process. Genetic inactivation 
experiments in mice confirmed 
the functions some of these mol- 
ecules—including SAP, SATB1, 
CXCR6, and CCR7—in regulating 
MAIT cell development. —IW 

Sci. lmmunol. 4, eaay6039 (2019). 


INNATE IMMUNITY 
Aconvergence for RNA 
and DNA sensing 


In response to cytosolic DNA, 
cyclic GMP-AMP synthase 
(cGAS) initiates a type | inter- 
feron response. Hu et al. found 
that endogenous cGAS bound 
to the nucleotide helicase 
G3BPI, which is involved in 


SCIENCE sciencemag.org 


stress-granule formation. After 
DNA stimulation of human cells, 
cGAS associated in an RNA- 
dependent manner with G3BP1 
and was found in cytoplasmic 
foci that also contained messen- 
ger RNA and the RNA-dependent 
kinase PKR. Formation of 
cytoplasmic cGAS condensates 
necessary for DNA-stimulated 
type | interferon production 
required G3BP1 and PKR activity. 
—ERW 

Sci. Signal. 12, eaav7934 (2019). 
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Dense connectomic reconstruction in layer 4 of the 


somatosensory cortex 


Alessandro Motta*, Manuel Berning*, Kevin M. Boergens*, Benedikt Staffler*, Marcel Beining, 
Sahil Loomba, Philipp Hennig, Heiko Wissler, Moritz Helmstaedter{ 


INTRODUCTION: The brain of mammals consists 
of an enormously dense network of neuronal 
wires: the axons and dendrites of nerve cells. 
Their packing density is so high that light- 
based imaging methods have so far only been 
able to resolve a very small fraction of nerve 
cells and their interaction sites, the synapses, in 
mammalian cortex. Recent advances in three- 
dimensional (8D) electron microscopy allow 
researchers to image every nerve cell and all 
chemical synapses in a given piece of brain tissue, 
opening up the possibility of mapping neuronal 
networks densely, not just sparsely. Although 
there have been substantial advances in imaging 
speed, the analysis of such 3D image data is still 
the limiting step. Therefore, dense reconstruc- 


tions of cortical tissue have thus far been lim- 
ited to femtoliter-scale volumes, keeping the 
systematic analysis of axons, neuronal cell bodies 
and their dendrites of different types, and the 
dense connectome between them out of reach. 


RATIONALE: Image analysis has made decisive 
progress using artificial intelligence-based meth- 
ods, but the resulting reconstructions of dense 
nerve tissue are still too error-prone to be 
scientifically meaningful as is. To address this, 
human data analysis has been integrated into 
the generation of connectomes and it is the ef- 
ficiency of this human-machine data analysis 
that now determines progress in connectomics. 
We therefore focused on efficiency gains by: (i) 


Dense reconstruction of ~500,000 cubic micrometers of cortical tissue yielding 2.7 m of neuronal cables 
(~3% shown, front) implementing a connectome of ~400,000 synapses between 34,221 axons and 11,400 
postsynaptic processes (fraction shown, back). These data were used for connectomic cell-type definition, 
geometrical circuit analysis, and measurement of the possible plastic fraction (the “learnedness”) of the circuit. 


Motta et al., Science 366, 1093 (2019) 
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improving the automated segmentation qual- 
ity, (ii) analyzing the automated segmentation 
for locations of likely errors and directing 
the human work to these locations only, and 
Gii) optimizing human data interaction by 
helping annotators to immediately understand 

the problem to be solved, 
allowing fast, in-browser 
Read the full article parallel data flight, and 
at http://dx.doi. by minimizing latency be- 
org/10.1126/ tween annotator queries. 
science.aay3134 With this, close to 100 stu- 
Mea ANA eee piri annie ihe 
hundreds of thousands of reconstruction prob- 
lems within just 29 s each, including all pre- 
paration and transition time. 


RESULTS: We reconstructed 2.7 m of neuronal 
wires densely in layer 4 of mouse somatosen- 
sory cortex within only ~4000 invested human 
work hours, yielding a reconstruction ~300 times 
larger than previous dense cortical reconstruc- 
tions at ~20-fold increased efficiency, a leap 
for the dense reconstruction of connectomes. 
The resulting connectome between 6979 pre- 
synaptic and 3719 postsynaptic neurites with 
at least 10 synapses each, comprising 153,171 
synapses total, was then analyzed for the dense 
circuit structure in the cerebral cortex. We 
found that connectomic data alone allowed 
the definition of inhibitory axon types that 
showed established principles of synaptic spec- 
ificity for subcellular postsynaptic compartments, 
but that at scales beyond ~5 um, geometric 
predictability of the circuit structure was low 
and coarser models of random wiring needed 
to be rejected for dense cortical neuropil. A gra- 
dient of thalamocortical synapse density along 
the cortical axis yielded an enhanced variabil- 
ity of synaptic input composition at the level of 
single L4 cell dendrites. Finally, we quantified 
connectomic imprints consistent with Hebbian 
synaptic weight adaptation, obtaining upper 
bounds for the fraction of the circuit that could 
have undergone long-term potentiation. 


CONCLUSION: By leveraging human-machine 
interaction for connectomic analysis of neuro- 
nal tissue, we acquired the largest connectome 
from the cerebral cortex to date. Using these 
data for connectomic cell-type definition and 
the mapping of upper bounds for the learned 
circuit fraction, we establish an approach for 
connectomic phenotyping of local dense neu- 
ronal circuitry in the mammalian cortex, 
opening the possibility for the connectomic 
screening of nervous tissue from various cor- 
tices, layers, species, developmental stages, sen- 
sory experience, and disease conditions. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. Email: mh@brain.mpg.de 
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Dense connectomic reconstruction in layer 4 of the 


somatosensory cortex 


Alessandro Motta‘, Manuel Berning**, Kevin M. Boergens!“, Benedikt Staffler’, Marcel Beining?, 
Sahil Loomba’, Philipp Hennig’, Heiko Wissler’, Moritz Helmstaedter'+ 


The dense circuit structure of mammalian cerebral cortex is still unknown. With developments in 
three-dimensional electron microscopy, the imaging of sizable volumes of neuropil has become 
possible, but dense reconstruction of connectomes is the limiting step. We reconstructed a volume 

of ~500,000 cubic micrometers from layer 4 of mouse barrel cortex, ~300 times larger than previous dense 
reconstructions from the mammalian cerebral cortex. The connectomic data allowed the extraction of 
inhibitory and excitatory neuron subtypes that were not predictable from geometric information. We 
quantified connectomic imprints consistent with Hebbian synaptic weight adaptation, which yielded upper 
bounds for the fraction of the circuit consistent with saturated long-term potentiation. These data establish 
an approach for the locally dense connectomic phenotyping of neuronal circuitry in the mammalian cortex. 


he cerebral cortex of mammals houses 

an enormously complex intercellular 

interaction network implemented with 

neuronal processes that are long and 

thin, branching, and extremely densely 
packed. Early estimates indicated that 4 km 
of axons and 400 m of dendrites are com- 
pressed into a cubic millimeter of cortical 
tissue (). This high packing density of cellular 
processes has made the locally dense mapping 
of neuronal networks in the cerebral cortex 
challenging. 

So far, reconstructions of cortical tissue have 
been either sparse (2-7) or restricted to small 
volumes of up to 1500 um? (8-10). Conse- 
quently, the detailed network architecture of 
the cerebral cortex is unknown. Particular 
open questions are to what degree local neu- 
ronal circuits are explainable by geometric 
rules alone (J, 2, 1J-13) and on which spatial 
scales cortical connectivity is only explainable 
by innervation preferences beyond such geo- 
metric models (5, 8, 9, 14, 15). Similarly, al- 
though numerous cortical neuronal cell types 
have been described based on protein expres- 
sion, morphology, and electrophysiological 
characteristics (16), and these have been shown 
to have particular synaptic target patterns (17), 
the inverse question—whether, at the level of 
the dense cortical circuit, axons represent a 
continuum of synaptic preference or a set of 
distinct innervation paradigms that would 
allow for a purely connectomic cell type defi- 
nition [as has been successful in the retina 


Department of Connectomics, Max Planck Institute for Brain 
Research, D-60438 Frankfurt, Germany. “Probabilistic 
Numerics Group, Max Planck Institute for Intelligent 
Systems, D-72076 Tubingen, Germany. 
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(18, 19)|—is still open. Next, at the level of syn- 
aptic input to the primary dendrites of cortical 
excitatory cells, it is not known whether the 
typically three to 10 primary dendrites of a 
cortical neuron that leave the cell body homo- 
geneously sample the available excitatory and 
inhibitory synaptic inputs or if there is an en- 
hanced heterogeneity of synaptic input com- 
position, making it possible to exploit the 
numerous mechanisms that have been dis- 
cussed for the nonlinear integration of local 
synaptic inputs (20-23). Finally, whereas the 
change of synaptic weights in response to 
electrical and sensory stimulation has been 
widely studied (24-28) and connectomic data 
consistent with LTP have been described 
(29, 30), the fraction of a given cortical circuit 
that is plausibly shaped by processes related to 
Hebbian learning under undisturbed condi- 
tions is still unknown. 

We used dense connectomic reconstruction 
to quantitatively address these questions about 
the formational principles of a dense cortical 
circuit. 


Results 


We acquired a three-dimensional (8D) EM 
dataset from upper layer 4 of primary somato- 
sensory cortex of a 28-day-old mouse (Fig. 1, A 
to D, likely located within a barrel, see sup- 
plementary materials) using serial block-face 
electron microscopy [SBEM (37); dataset size: 
618 x 94.8 x 92.6 um”; voxel size: 11.24 x 11.24 x 
28 nm*]. For dense reconstruction (Fig. 1, E 
to H), we 3D aligned the images and applied 
a sequence of automated analyses [SegEM 
(32), SynEM (33), ConnectEM, and TypeEM; 
Fig. 2, supplementary materials and methods, 
and table S2], followed by focused manual an- 
notation (FocusEM). We reconstructed 89 neu- 
rons that had their cell body in the dataset 


29 November 2019 


(Fig. 1, E and F). These neurons constituted 
only 2.6% of the total path length (69 mm; 
Fig. 1G). To reconstruct axons, which consti- 
tute most of the wiring in the dense circuit 
(1.79 m, 66.6%, Fig. 1H), we applied a scalable 
distributed annotation strategy that identified 
locations of uncertainty in the automated re- 
construction, which were then resolved by 
targeted manual annotation. To reduce the 
required manual annotation time, it was crit- 
ical to obtain an automated reconstruction 
with low error rates, to use efficient algo- 
rithms for identifying locations for focused 
manual inspection (queries), and to minimize 
the time spent per user query. For this (Fig. 
2A), we developed artificial intelligence-based 
algorithms that evaluated the EM image data 
and convolutional neural network (CNN)- 
filtered versions of the image data in the sur- 
rounding of interjunctions between segmented 
pieces of neurites (Fig. 2B). Together with 
classifiers that computed the probability of 
volume segments belonging to an axon, a 
dendrite, a spine head, or a glial process 
(using, among others, shape features; Fig. 2C), 
this allowed us to automatically connect parts 
of dendrites, attach spine heads to dendritic 
shafts (by a greedy stepwise agglomeration 
initiated at the spine head, Fig. 2D; 58.9% of 
spine heads unaffected by the dataset bound- 
ary were automatically attached), and recon- 
struct parts of axons. Similarly, synapses were 
automatically detected by evaluating pre- and 
postsynaptic volumes at neurite interfaces 
[Fig. 2E and figs. S2 to S5 (33); for shaft 
synapses, additional CNN-based classifiers 
for vesicle clouds and mitochondria were used]. 
To manually correct remaining errors in axons 
(Fig. 2, F to H), we detected ending locations 
of automatically reconstructed axon pieces 
(Fig. 2F) and directed user queries to these 
locations. For this, we used an egocentric 3D 
image display mode [“flight mode,” Fig. 2G 
(34)] and oriented the user annotation along 
the axis of the neurite for which a local an- 
notation (“query”) was requested (movie S2). 
Together with data preloading, this yielded 
a low-latency, targeted neurite annotation in 
which individual user queries took 29.4 s to re- 
solve (traveled path length per query: 5.49 um). 
These queries could be easily distributed among 
87 annotators. Similarly, we detected loca- 
tions of likely mergers between axons (Fig. 
2H, “chiasmata”) and directed user queries 
to reconnect the chiasma exits along actual 
axons. Using this scalable annotation archi- 
tecture, we obtained a dense reconstruction 
of 2.69 m of neuronal processes (Fig. 1, Gand 
H) with a total investment of 3981 human 
work hours, ~10 times faster than a recent 
dense reconstruction in the fly larval brain 
(35) (Fig. 2, land J), ~20 times faster than the 
previous dense reconstruction in the mamma- 
lian retina (8), and ~25 times faster than the 
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Fig. 1. Dense connectomic reconstruction of cortical neuropil from layer 4 of mouse primary somatosensory cortex. (A to D) Location [(A), red] of the 3D EM 
dataset (B). WM, white matter. High-resolution example images are shown in (C) and (D). Asterisks indicate examples of dendritic spines. Direct links to data browser 
webKnossos are as follows: https://wklink.org/9276 (B), https://wklink.org/7101 (C), and https://wklink.org/8906 (D). (E) Reconstruction of n = 89 neurons with a 

cell body and dendrites in the dataset. (F) Three spiny neurons (SpNs) and two INs (see movie S1). (G) Quantification of circuit components in the dense reconstruction. Most 
of the circuit path length (total: 2.69 m) is contributed by nonproximal axons (1.79 m, 66.6%), spine necks (0.55 m, 20.5%), and dendritic shafts (0.28 m, 10.3%) not 
connected to any cell body in the volume. (H) Display of all 34,221 reconstructed axons contained in the dataset. Scale bars in (D) are as in (C); scale bar in (F) is 10 um. 


previous dense reconstruction in mammalian 
cortex (9) (Fig. 2, I and J). To quantify re- 
maining reconstruction error rates in this dense 
neuropil reconstruction, we measured the re- 
maining errors in a set of 10 randomly chosen 
axons and found 12.8 errors per millimeter of 
path length (of these, there were 8.7 conti- 
nuity errors per millimeter; see materials and 
methods). This is indistinguishable from the 
error rates previously found in fast human an- 
notations (18, 34, 36). 

We obtained a connectome (Fig. 3) between 
34,221 presynaptic axonal processes and 11,400 
postsynaptic processes [6979 x 3719 connec- 
tivity matrix (Fig. 3E) when restricted to those 
pre- and postsynaptic neurites that estab- 
lished at least 10 synapses]. Among the post- 
synaptic processes, we classified n = 169 apical 
dendrites (ADs) that traversed the dataset 
along the cortical axis without connection to 
one of the neuronal cell bodies in the dataset 
(Fig. 2A), 246 smooth dendrites (SDs, Fig. 2B), 
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80 somata, 116 axon initial segments (AISs; 
Fig. 2C), and 89 proximal dendrite (PD) trees 
connected to a soma in the dataset (movie S1; 
note that some of these neurons also had ADs 
that were classified as PDs and not included in 
the AD definition above; see materials and 
methods and tables S1 and S2). 


Connectomic definition of axon types 


We investigated whether, based solely on 
connectomic information (Fig. 3), we could 
extract the rules of subcellular innervation 
preference described for inhibitory axons in 
the mammalian cortex (17) and if such syn- 
aptic target preference could also be found 
for excitatory axons. We first measured the 
preference of each axon for innervating den- 
dritic spine heads versus dendritic shafts and 
other targets (Fig. 4, A and B) because, in the 
mammalian cortex, most axons of inhibitory 
interneurons (INs) preferentially innervate 
the dendrites’ shafts or neuronal somata (17) 
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and most excitatory glutamatergic axons 
preferentially innervate the spine heads of 
dendrites (7). The fraction of primary spine 
synapses per axon (out of all synapses of that 
axon) accordingly allowed the identification 
of spine-preferring, likely excitatory axons 
with at least 50% primary spine innervations 
(n = 5894 axons) and shaft-preferring, likely 
inhibitory axons with <20% primary spine 
innervations (n = 893 axons, or 13.2% of all 
axons; for exceptions to this rule and control 
measurements, see the supplementary mate- 
rials and tables S1 and S2). 

We then determined for each of the sub- 
cellular synaptic target classes defined above 
(Figs. 3 and 4C) the per-synapse innervation 
probability that would best explain whether 
an inhibitory axon establishes at least one 
synapse onto each of these targets. These in- 
hibitory “single-hit” binomial innervation prob- 
abilities were 4.2% (somata), 17.8% (PD), 4.9% 
(SD), 3.3% (AD), and 0.5% (AIS) (Fig. 4D). We 
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Fig. 2. Methods for the efficient dense connectomic reconstruction. (A) Simplified diagram of reconstruction 
steps [fig. S1, detailed in (B) to (H)]. wh, annotation work hours. (B) ConnectEM classifier for combining 


aw data, CNN, and shape features were evaluated. (C 
volume segments: the probability of axons, dendrites, 


Precision and recall of spine head detection were 92.6 


highest-probability transition between neighboring seg 
example of six neighboring spine heads that were all a 
spine heads were automatically attached (A). (E) Auto 


neurite pieces from the CNN-based volume segmentation (32): at junctions of volume segments (bottom right), 


TypeEM classifier for assigning cellular identity to 
spine heads, and glial processes was evaluated. 


Shown is an illustration of spine head (purple) and astrocyte (cyan) classification; one of the 985 features 
is illustrated (segment thickness). Numbers indicate the probability of the segment being a spine head. 


and 94.4%, respectively. (D) Process for automatically 


attaching spine heads to the dendritic shaft by stepwise agglomeration of volume segments along the 


ments [according to the ConnectEM score (B)]. An 
utomatically attached is shown. In total, 58.9% of 
mated detection of spine and shaft synapses [here, 


vesicle clouds (green) and mitochondria (blue) were detected and used as additional features for the 


SynEM (33) classifier]. (F to H) Focused annotation 


strategy for directing human annotation queries (Q) 


to ending locations of the automatically reconstructed axon pieces [(F), blue], oriented along the axon’s 
main axis [traced in webKnossos using flight mode (G {34}), yielding flight paths of 5.5 + 8.8 um length 


(21.3 + 36.1 s per ending annotation, n = 242,271, m 


ovie S2)]. Neurite mergers (H) were detected as 


“chiasmatic” configurations, and queries (Q) directed from the exits of the chiasma toward its center 


were used to determine correct neurite continuities 


(fig. S1). (Land J) Quantification of circuit size and 


invested work hours for dense circuit reconstructions in connectomics and resulting order-of-magnitude 
improvement provided by FocusEM compared with previous dense reconstructions (m). Fish o.b., zebrafish 


olfactory bulb (59); M. retina, mouse retina IPL (18); 
D. melanogaster (35); M. cortex, mouse somatosens 


Fly larva, mushroom body in larval stage of 
ory cortex [(9) and this study (magenta)]. Only 


completed dense reconstructions were included in the comparison. 


then computed the expected distribution of 
synapses per axon made onto each target class 
assuming the double-hit, triple-hit, etc., inner- 
vation probabilities are the same as the prob- 
ability to establish at least one synapse onto 
that target. When comparing these target dis- 
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tributions with the measured distributions of 
synapses per axon onto each target class (Fig. 
4E), we found that inhibitory axons estab- 
lished enhanced preference for somata (p = 
2.4 x 10°, n = 893, one-sided Kolmogorov- 
Smirnov test), PDs (p = 6.0 x 107”), ADs (p = 
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2.5 x 10~*), and to a lesser degree for SDs 
(p = 1.7 x 10°’, table $1), but no enhanced 
preference for AISs in L4 (p = 0.648). AISs 
were synaptically innervated by 0.172 input 
synapses per micrometer of AIS length, but 
these innervations were not made by axons 
with an enhanced preference for AISs, unlike 
in supragranular and infragranular layers (37). 

When performing the same analysis for ex- 
citatory axons (Fig. 4F), we found clear target 
preference for ADs (p = 2.5 x 10°", Fig. 4F), 
SDs (p = 7.6 x 10°), and PDs (p = 1.3 x 107). 
By contrast, thalamocortical (TC) axons [de- 
tected using the criteria reported in (38); see 
fig. S6 and materials and methods] indicated 
a target preference for PDs (p = 2.5 x 10°”), 
but not for ADs (p = 0.019) or SDs (p = 0.723). 
To determine the fraction of inhibitory and ex- 
citatory axons that had an unexpectedly high 
synaptic preference for one (or multiple) of the 
subcellular target classes, we applied the false 
detection rate criterion used for the determi- 
nation of significantly expressed genes [q 
value (39); see materials and methods] and 
obtained lower bounds on the fractions of 
axons in the tissue that preferentially inner- 
vate the various subcellular target classes (Fig. 
4G; at least 58.0% of inhibitory and 24.4% of 
excitatory axons). Inhibitory axons (Fig. 4H), 
but not excitatory axons (Fig. 41), showed 
higher-order innervation preferences, indi- 
cating that at the level of the dense cortical cir- 
cuit, synaptic target preferences established by 
axons were not a continuum but allowed cell- 
type classification without the need for mea- 
surements of neuronal morphology, electrical 
activity, protein expression, or transcription 
levels. 


Geometric sources of synaptic innervations 


Could these local connectivity rules have been 
derived solely from the geometry of axons 
and dendrites? We first quantified the overall 
relation between the spatial distribution of 
axons and dendrites and the establishment 
of synapses between them (Fig. 5). One para- 
digm, originally proposed by Peters (7), states 
that TC axons entering a certain cortical tissue 
volume would sample the available cortical 
dendrites for synaptic innervation according 
to their relative prevalence in the tissue (J). 
This model (Fig. 5A) predicted the TC inner- 
vation of most cortical dendrites rather well, 
with the exception of smooth dendrites [an 
exception reported by White et al. (J4)] and 
the enhanced TC innervation of PDs of layer 
4 cells (22). When applied to corticortical ex- 
citatory and inhibitory axons (Fig. 5A), we 
found that this model predicted excitatory 
innervation of most spiny dendrites rather 
well, but again failed to predict innervation 
of SDs and the proximal bias of inhibitory 
synapses. Because this model [which has 
been most widely used for circuit inference 
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Fig. 3. Postsynaptic target classes and dense cortical connectome. (A to D) 
Display of all ADs [(A), magnified one-AD bundle (left) and top view in tangential plane 
illustrating AD bundles], SDs [(B), magnification inset illustrating low rate of spines], 
AlSs (C), and their respective path length and spine density distributions (D). Note that 
spine density is underestimated by ~20% (table S1). (E) Display of connectome 
between all axons (n = 6979) and postsynaptic targets (n = 3719) in the volume with at 
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least 10 synapses each, establishing a total of 153,171 synapses (of 388,554 synapses 
detected in the volume). For the definition of postsynaptic target classes, see (A) to 
(D); for the definition of presynaptic axon classes, see Fig. 4 and fig. S6. AlSs with 
fewer than 10 input synapses are also shown. SOM, neuronal somata; Note that 
some of these PD dendrites are L4 ADs not included in the AD definition above. 
Asterisks indicate remaining unassigned axons. 
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Fig. 4. Connectomic definition of axon classes 
of output synapses made onto dendritic spines. 


. (A) Example axons with high (top) and low (bottom) fraction 
B) Distribution of spine-targeting fraction over all n = 6979 axons; 


dashed lines indicate thresholds applied to distinguish non-spine-preferring, likely inhibitory axons (<20% spine 
innervation, n = 893, 12.8% of all axons) from spine-preferring, mostly excitatory axons (>50% spine innervation, 
n = 5,894, 84.5%). Diagram shows the definition of primary spine innervations. (C to I) Connectomic definition 
of axon classes by preferential synaptic innervation of subcellular targets. (C) Two example axons innervating 
three somata [left, n = 6 synapses onto somata (S) of 14 total, arrows] and an AD (right, n = 2 synapses onto 
AD of 13 total), respectively. All other cell bodies and ADs are shown in gray. (D) Fraction of synapses onto 
somata, PDs, ADs, SDs, and AlSs for all axons. Binomial probabilities are shown over axons to establish at least 
one synapse onto the respective target (arrows: magenta, excitatory; black, inhibitory). Black lines indicate the 
average over axons. (E) Comparison of predicted synapse fraction onto target classes per inhibitory axon on 


the basis of the binomial probability to innervate the target at least once [gray shading; see arrows in (D)] 
and measured distribution of synapse fractions onto targets (black lines). (F) Same as (E) but for excitatory 


axons. (G) Fraction of target-preferring excitatory (Exc.) and inhibitory (Inh.) axons identified using the false 


detection rate criterion [q = 5 to 30% (39)]. Colored bars indicate the distribution for q = 5% (left) and 


q = 30% (right). Mixed colors indicate axons specific for both somata and PDs. [(H) and (l)] Second-order 


innervation preference by target-specific axons; numbers indicate fractional innervation by remaining 


synapses per axon; colors indicate underfrequent (black) or overfrequent (blue) innervation. Diagonal entries 


are the fraction of synapses onto the same target (black boxes). 
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(2, 12)] implicitly accounts for the density of 
synapses along the presynaptic axons, it was 
capable of capturing the increased synapse 
density of TC axons (Fig. 5A). A simpler var- 
iant of the Peters model (J, 15) (Fig. 5B), which 
uses the density of pre- and postsynaptic path 
length as basis for the synaptic innervation 
prediction, failed at predicting the TC inner- 
vation but captured the corticocortical inner- 
vation of spiny dendrites (Fig. 5B). We then 
analyzed whether a Peters model normalized 
for postsynaptic synapse density (Fig. 5C) would 
better capture synaptic innervation and found 
that, in fact, the dendritic model was a far 
better predictor of synaptic innervation (com- 
pare Fig. 5, C and B). This indicated that SDs 
and ADs sampled synaptic input according 
to the relative path length of the presynaptic 
axons (Fig. 5C). We then investigated whether 
a Peters model accounting for pre- and post- 
synaptic synapse densities would improve the 
innervation prediction (Fig. 5D). In this mod- 
el, both the output and the input of cortical 
excitatory neurites were properly predicted, 
but the suppressed innervation of SDs and 
ADs by TC axons and the proximal bias of 
inhibitory axons was not. Notably, none of 
the Peters models could account for this 
proximal bias of inhibitory synapses [Fig. 
5D; for other failures of Peters predictions, see, 
e.g., (3, 6, 8, 9)]- 

More recently, the Peters model has been 
investigated for the close proximity between 
axons and dendrites on the scale of few micro- 
meters (8, 9) and concluded poor (8) or absent 
(9) geometric predictability of synaptic inner- 
vation. We used our larger dense reconstruction 
to investigate the geometric prediction over a 
substantially broader spatial scale from 1 to 
~30 um and accounted for inhibitory axons, 
excitatory axons, and postsynaptic target types 
(Fig. 5, E to H). We measured whether the 
postsynaptic membrane surface available with- 
in a certain radius 7preq around a given axon 
(Fig. 5E) would be a predictor of synaptic 
innervation for that given axon. We measured 
the available membrane surface belonging to 
the five subcellular target classes around all 
6979 axons (Fig. 5F) and used a linear multi- 
nomial regression model to predict synaptic 
innervation from these data (Fig. 5G). Then, 
we computed the coefficient of determination 
(R”) reporting the fraction of axonal synaptic 
innervation variance that could be explained 
purely based on the geometrical information 
(Fig. 5H; for details, see the materials and 
methods). In fact, for small spatial scales of 
1 to 5 um, the membrane surface available 
around an axon was a rather good predictor 
of synaptic innervation from excitatory axons 
(range, 16 to 90%, Fig. 5H; less so for inhibitory 
axons: range, 23 to 79%). 

Would this imply that axonal and dendritic 
proximity at the single-axon level can be used 
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Fig. 5. Contribution of neurite geometry and membrane availability to cortical wiring. (A to D) Quantitative 
test of various formulations of Peters’ rule: comparison of actual synaptic innervation to the prediction of 
synaptic innervation on the basis of the availability of postsynaptic path length in the dataset (A), the product 
of pre- and postsynaptic path length (B), the sampling of presynaptic partners by their relative prevalence (C), and 
the product of pre- and postsynaptic synapse density (D). Log likelihood ratios were as follows: -1.1x10° 

(A), -11x10° (C), and -12x103 (D), all compared with the simple model in (B); p < 10“ (corrected for degrees 
of freedom). (E to H) Prediction of single-axon synaptic target preference by distance-dependent postsynaptic 
surface sampling. (E) Diagram of the surface area of the various subcellular postsynaptic target classes (colors) 
within a distance rpreq from a given axon (black) and example surfaces around two axons within a prediction 
radius rpreq = 5 wm. (F) Surface fraction of target classes around all n = 6979 axons in dependence Of rpreq around 
axons. Colors indicate the fraction of synapses of a given axon actually innervating the respective target. 

(G) Relationship between the surface fraction around all axons and synaptic innervation by these axons for 
each target (rpreq = 10 wm). Black lines indicate linear regression for geometrical innervation prediction. (H) R? 
reporting the fraction of synaptic innervation variance [over all axons; see (G)] explained by a multivariate linear 
innervation model using the available postsynaptic surface area around axons [shaded areas: red, excitatory 
axons (Exc.); blue, inhibitory axons (Inh.)]; lower end of shades indicates prediction; upper ends indicate correction 
by the variance contributed by the multinomial sampling of targets along axons; solid lines represent direct 
prediction of innervation from surface fraction. Dashed lines indicate modeled prediction for a purely geometric 
forward model at rpreq = 10 um. Insets (right) show sampling-corrected predictive power of excitatory (top) and 
inhibitory (bottom) axons for the innervation of target classes. 
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to infer synaptic connectivity in the cortex 
(13)? We found that for the spatial alignment 
scales that can be achieved in light-microscopy- 
based neuron reconstructions from multiple 
animals (10 to 20 um), predictability dropped 
substantially (Fig. 5H), making circuit infer- 
ence by an emulation of growth processes 
based on light-microscopically aligned data 
(13, 40) implausible. 


Subcellular synapse placement 


We used our dense reconstruction to study the 
spatial distribution of synapses along somata 
and dendrites in the cortical neuropil. The den- 
sity of TC synapses had a substantial depen- 
dence on cortex depth (Fig. 6, A to D): the 
absolute density of TC synapses in the volume 
increased by ~93% over 50 um cortex depth 
(Fig. 6, A and B); the TC excitatory synapse 
fraction TC/(TC+CC) (where CC is cortico- 
cortical) increased by 82.6%, corresponding 
to an absolute increase in the TC synapse 
fraction of 5.8% per 50 um cortex depth (Fig. 
6D). This gradient was consistent with light- 
microscopic analyses of TC synapses indicat- 
ing a decrease of TC synapse density from 
lower to upper L4 (47). Neither the inhibi- 
tory nor the corticocortical excitatory synapse 
densities showed a comparable spatial profile 
(Fig. 6C). 

How is the synaptic TC gradient mapped 
onto the dendrites of L4 neurons along the 
cortex axis (Fig. 6, E to G)? One possibility is 
that the TC synapse gradient is used to en- 
hance the variability of synaptic input compo- 
sition between different primary dendrites of 
the L4 neurons such that a neuron’s dendrites 
pointing upward toward the pia would sample 
relatively less TC input than dendrites point- 
ing toward the white matter. Alternatively, 
mechanisms to establish synaptic target pre- 
ference (such as those reported in Fig. 4) could 
be used to counterbalance this synaptic gra- 
dient and equilibrate the synaptic input frac- 
tions on the differently oriented dendrites. 
Our analysis showed that, in fact, even at the 
level of single primary dendrites, TC input 
fractions were 1.28-fold higher for dendrites 
pointing upward toward the cortical surface 
versus downward toward the white matter 
(Fig. 6, F and G; TC input fractions of each 
dendrite were corrected for the entire neu- 
ron’s TC input fraction; for this analysis, see 
the materials and methods). We then investi- 
gated whether this differential composition of 
the excitatory inputs is accompanied by dif- 
ferent compositions of the inhibitory input 
synapses (Fig. 6, H to L). We found that the 
fraction of TC input to a neuron’s dendrites 
was anticorrelated to the fraction of inhibitory 
synapses that originated from AD-preferring 
inhibitory axons (Figs. 6I and 4), both at the 
level of the input to L4 neurons and at the 
level of single primary dendrites of L4 neurons 
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Fig. 6. Gradient of TC synapse density in L4 and ensuing variability of synaptic input composition in L4 
neurons. (A to D) Distribution of TC synapses within the L4 dataset (A): gradient along the cortical axis (B), which is 
absent for inhibitory (yellow) or CC (blue) synapses (C). (D) Resulting gradient in TC synapse fraction [increase 
by 83% from 7.0 to 12.8% (+5.8%) within 50 wm along the cortical axis: line fit, p < 11 x 10°, n = 134,537 
synapses]. (E to G) Analysis of the variability of TC input onto the primary dendrites of neurons possibly resulting 
from the TC synapse gradient (D): example reconstructions (E) aligned to the somata; (F) fraction of excitatory 
input synapses originating from TC axons evaluated for each primary dendrite, plotted according to the direction of 
the dendrite relative to cortical axis (-1, aligned toward pia; +1, aligned toward WM). TC input fraction [TC/(TC+CC)] 
of each dendrite compared with the TC input fraction of its entire parent neuron (ratios shown). (G) Summary 
analysis of relation between dendrite direction and relative TC input fraction showing that the TC input fraction is 
determined by the dendrites’ orientation relative to the cortex axis (1.28-fold higher relative TC fraction for 
downward- than upward-pointing dendrites, n = 183, p = 0.026, two-sided t test for dendrites with a normalized 
absolute projection >0.5; bars correspond to ranges —1 to -0.5; —-0.5 to 0.5; and 0.5 to 1). (H to K) Enhanced 

TC synaptic input (red spheres) is correlated to reduced inhibitory input from AD-preferring inhibitory axons (purple 
spheres and arrows in H) at the level of single dendrites (r = -0.24, p = 0.0095, n = 183, Pearson's correlation 
after Bonferroni's correction) and for neurons [(J), r = -0.27, p = 0.01, n = 84], but not soma-preferring inhibitory 


axons [green in (H) and (K), r = 0.08, p = 0.49, n = 84]. 


(Fig. 6, I and J). The effect was absent for 
all other synapse classes, most notably the 
soma-preferring inhibitory axons (Fig. 6K; see 
discussion). 


Connectomic mapping of the 
plasticity-consistent circuit fraction 


The concept of Hebbian plasticity, thought to 
be at the core of experience-dependent changes 
of synaptic weights in the brain, makes pre- 
dictions about the temporal evolution of syn- 
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aptic weights in multiple synaptic contacts 
between the same pre- and postsynaptic neurons 
(AADD joint synapses; Fig. 7, A and B): Because 
Hebbian synaptic plasticity is dependent on 
the electrical activity of the pre- and postsyn- 
aptic neurons, which in a first approximation 
can be assumed to be similar at joint synapses, 
long-term potentiation (LTP) predicts joint 
synapses to become stronger and relatively 
more similar in weight (especially if synaptic 
weight saturates) and long-term depression 
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(LTD) predicts joint synapses to become weaker 
and relatively more dissimilar in weight (but 
more similar if synaptic weights saturate; Fig. 7A). 
Models of LTP and LTD thus make particular 
predictions about the temporal evolution of 
joint synaptic weights, and the mapping of 
synaptic weights and synaptic weight sim- 
ilarity in the connectome allows the quan- 
tification of upper bounds on the fraction 
of the circuit that can have undergone such 
particular patterns of weight change be- 
fore the connectomic experiment (we denote 
those synapse pairs for which such patterns 
of weight change occurred to a sufficient 
degree as “having undergone LTP/LTD”; see 
discussion). 

We set out to leverage our large connecto- 
mic dataset (n = 5290 excitatory joint synaptic 
pairs onto spines; Fig. '7C) to map the relation 
between synaptic size and synaptic size sim- 
ilarity in joint synapse pairs [Fig. 7E; for vis- 
ualization, the figure reports relative synaptic 
size dissimilarity on the x-axis; for the utiliza- 
tion of the axon-spine interface area (Fig. 7D) 
as an indicator of synaptic weight (42, 43)]. 
These data would allow us to determine upper 
bounds on the plasticity-consistent fraction of 
the circuit beyond the previous finding that in 
joint synapse pairs, synaptic size is more sim- 
ilar than for randomly shuffled synapse pairs 
(9, 29, 30, 44). 

Synaptic size similarity in joint synapse 
pairs showed a broad distribution (Fig. 7E). 
When comparing this distribution with the 
synaptic size and synaptic size similarity dis- 
tribution obtained from a random assignment 
of the same synapses into “random pairs” (Fig. 
7F and fig. S7, C and D), we observed that the 
population of oversimilar synapse pairs (Fig. 
7F) was split into a region of oversimilar and 
large synapses (mean synaptic size 0.23 to 
1.19 um?; 16 to 20% of all joint synapse pairs 
are found in this region; the above-random 
synapse pairs constitute 3.6 to 3.9% of all joint 
synapse pairs; see fig. S7, C and D, and the 
materials and methods for details of the re- 
gion definition and statistics), and oversimilar 
and small synapses (mean synaptic size 0.06 
to 0.2 wm’; 15 to 19% of all joint synapse 
pairs were found in this region; 3.0 to 3.4% 
of all joint synapse pairs were above random 
in this region). With this information, we ob- 
tained upper bounds on the fraction of the 
circuit that can have undergone LTP and 
LTD with weight saturation (compare Fig. 7, 
F and A). 

To what degree was the observed syn- 
aptic weight similarity a result of subtypes 
of neurons establishing differently sized syn- 
apses? Although the quantification of the 
upper bounds of the plasticity-consistent cir- 
cuit fraction would remain unaffected, we 
could use this more detailed analysis to un- 
derstand whether the plasticity-consistent 
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Fig. 7. Connectomic mapping of the plasticity-consistent circuit fraction. 
(A) Hebbian LTP makes predictions about the temporal evolution of synaptic size 
and size similarity in AADD synapse pairs (green; insets show example model 
trajectories of synapse pairs exposed to LTP with and without weight saturation), 
yielding a region in the size-similarity plane (right) where synaptic pairs that have 
undergone LTP are predicted to be found (colors in right panel as in temporal plots 
on the left). For Hebbian LTD, pairs of synapses behave accordingly only if synaptic 
size saturates at low values (red). Arrows indicate trajectories of synapse pairs 
with randomly drawn initial size that undergo LTP with (dark green) or without 
(light green) weight saturation; LTD with (red) and without (pink and yellow indicate 
linear and exponential decay, respectively) weight saturation. (B) Example AADD 
synapse pair (arrows) onto dendritic spines between the same axon (blue) and same 
dendrite (red). Direct links to datasets are as follows: https://wklink.org/3356 
(synapse 1) and https://wklink.org/6145 (synapse 2). (©) Frequency of joint 
synapse pairs in the dataset (n = 5290 spine—-synapse pairs, shaded, analyzed 
here). (D) ASI as a representative measure of synapse weight (42, 43), dataset link 
https://wklink.org/5780 (E) Distribution of mean synaptic size and synaptic size 
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similarity for all pairs of AADD synapses from excitatory axons; each dot 
corresponds to one synapse pair. Isolines indicate statistical regions defined 

in (F). (F) Map of the relation between synaptic size and synaptic size similarity in 
AADD pairs, reported as the difference of (E) to random synapse pairs (fig. S7, C and 
D). Isolines indicate significance levels (p = 0.05 and 0.005 for outer and 

inner isolines, respectively) outlining overfrequency of synapse pairs that are 
similar in size and large (upper area) and similar in size and small (lower area). 
(Gand H) Analysis of AADd and AaDD synapse pairs that would indicate a contribution of 
cell-type-dependent connection size differences. No oversimilarity can be found 

in these cases (H). (I) Analysis as in (E) and (F) but for TC connections. Note upper 
bound of 16% of connections consistent with stabilized LTP. (J) Summary of fraction 
of synapse pairs that resided in the regions identified in (F) and (I) as upper 

bounds (for the interaction between the two upper bounds, see the supplementary 
materials). Numbers indicate the ranges for different significance thresholds [see (F) 
and (I) and fig. S7, C and DJ]. (K) Analysis as in (G) and (H) but for CC-to-L4 

neuron connections only, refuting subtypes of CC connections as the source of the 
observed oversimilarity (see fig. S7, A and B). Image width is 2 um in (B) and (D). 
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circuit fractions were specific to types of neu- 
ronal connections. 

First, we considered the possibility that cer- 
tain presynaptic cell types made consistently 
larger or consistently smaller synapses (Fig. 
7G). In this case, the distribution of synaptic 
weight similarity for same-axon different- 
dendrite (AADd) synapse pairs would also 
show a bias toward more similarly sized syn- 
apses. However, we found no such evidence 
(Fig. 7H), excluding cell-type-specific synapse 
size of either presynaptic (axonal) or postsyn- 
aptic (dendritic) origin as the cause of the 
observed oversimilar synapse pairs. 

Next, we separated those connections estab- 
lished by TC axons from those made by the 
remaining excitatory (i.e., CC) axons (Fig. 7I 
and fig. S7, A and B). We found an excess of 
oversimilar synapse pairs in the TC connec- 
tions as well, with 7 to 16% of pairs found ina 
region of overly similar and large synapses 
(i.e., an upper bound of 16% on LTP). The 
region of overly similar and small synapse 
pairs, however, only comprised 2 to 7% of joint 
synapse pairs. This remaining number of over- 
ly similar small synapse pairs could in fact be 
induced by the overly similar large synapse 
pairs (see the supplementary materials). At 
28 days of age, ~3 weeks after the proposed 
critical period during which LTP can be in- 
duced in TC connections (45, 46), a fraction 
of up to 16% of joint synapse pairs was still 
consistent with previous episodes of LTP that 
led to stabilized potentiated synapse pairs at 
dendritic spines (47, 48), but 84% were not. 

Repeating these analyses for other combi- 
nations of pre- and postsynaptic neurite types 
(Fig. 7J), we found upper bounds for LTP and 
LTD of ~10 to 20%. For each of these subtype- 
specific connections, we could then again ana- 
lyze whether any purely presynaptic or purely 
postsynaptic subtype within the already type- 
selected connections (corresponding to squares 
in the table of Fig. 7J) could be the cause of 
the observed synapse similarity. For exam- 
ple, the connections from corticortical axons 
onto spiny L4 neurons (49) showed no evi- 
dence for presynaptic axonal subtypes yielding 
oversimilar synapses (Fig. 7K; for additional 
controls of these findings, see the supplemen- 
tary materials; fig. S7, A and B; and table S1). 

Together, these results provided a first quan- 
titative upper bound on the fraction of the 
circuit consistent with previous episodes of 
saturated Hebbian synaptic plasticity leading 
to strengthening or weakening of synapses 
(a “connectomic fingerprint” of the maximum 
possible plasticity fraction of the circuit) and 
excluded obvious cell-type-based connection 
strength differences as the origin of these ob- 
servations. Because these results were obtained 
from brains of untrained animals and were 
not the result of electrical or other stimula- 
tion (“plasticity induction”), these data may 


Motta et al., Science 366, eaay3134 (2019) 


represent an unbiased screening of upper 
bounds of plasticity traces in local cortical cir- 
cuits, for which the dense connectomic map- 
ping was essential. 


Discussion 


Using FocusEM, we obtained the first dense 
circuit reconstruction from the mammalian 
cerebral cortex at a scale that allowed the 
analysis of axonal patterns of subcellular inner- 
vation, ~300 times larger than previous dense 
reconstructions from cortex (9). Inhibitory 
axon types preferentially innervating cer- 
tain postsynaptic subcellular compartments 
could be defined solely on the basis of connec- 
tomic information (Figs. 3 and 4). In addition 
to inhibitory axons, a fraction of excitatory 
axons also exhibited such subcellular inner- 
vation preferences (Fig. 4). The geometrical 
arrangement of axons and dendrites explained 
only a moderate fraction of synaptic inner- 
vation, revoking coarse random models of cor- 
tical wiring (Fig. 5). A substantial TC synapse 
gradient in L4 gave rise to an enhanced het- 
erogeneity of synaptic input composition at 
the level of single cortical dendrites (Fig. 6), 
which was accompanied by a reduced inner- 
vation from AD-preferring inhibitory inputs. 
The consistency of synapse size between pairs 
of axons and dendrites signified fractions of 
the circuit consistent with saturated synaptic 
plasticity, placing an upper bound on the 
“learned” fraction of the circuit (Fig. 7). FocusEM 
allowed the dense mapping of circuits in the 
cerebral cortex at a throughput that enables 
connectomic screening. 


Synaptic input composition along L4 dendrites 


Our finding of a covariation of enhanced TC 
inputs to L4 excitatory cells with reduced direct 
inhibitory input from AD-preferring INs (Fig. 6, 
H to K) could be interpreted in the context of 
a disinhibitory circuit described previously 
(50, 51). Taking into account the preferential 
targeting of ADs and of soma-preferring parv- 
albumin (PV)-positive INs by somatostatin 
(SST)-positive INs, this could imply that SST- 
IN-based disinhibition can enhance TC input 
by silencing perisomatic PV inputs recruited 
by feedforward inhibition (52) and concom- 
itantly reducing the direct inhibitory compo- 
nent from SST INs. In any case, this finding 
of per-dendrite input variation points to a 
circuit configuration in which TC input var- 
iability is enhanced between neurons of the 
same excitatory type in cortical layer 4, and 
furthermore provides evidence for a per- 
dendrite synaptic input composition of en- 
hanced heterogeneity. 


Connectomic traces of plasticity 


We interpreted the joint synapse data (Fig. 7) 
in terms of upper bounds of synapse pairs that 
could have undergone certain models of plas- 
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ticity. Although this analysis detects those syn- 
apse pairs that were exposed to saturating 
plasticity (i.e., the possible plasticity event led 
to a final weight state of both synapses), an 
alternative interpretation is a dynamic circuit 
in which at any given point in time, only a 
fraction of synapses has expressed saturated 
plasticity, whereas other (or all) synapses are 
in the process of undergoing plastic changes. 
We expect that more elaborate plasticity models 
of entire circuits will also make testable predic- 
tions that are accessible by connectomic snap- 
shot experiments as shown here. 


Outlook 


The presented methods and results open the 
path to the connectomic screening of ner- 
vous tissue from various cortices, layers, 
species, developmental stages, sensory exper- 
iences, and disease conditions. The fact that 
even a small piece of mammalian cortical neu- 
ropil contains a high density of relevant in- 
formation so rich as to allow the extraction of 
possible connectomic signatures of the “learned- 
ness” of the circuit makes this approach a 
promising endeavor for the study of the struc- 
tural setup of mammalian nervous systems. 


Materials and Methods 
Animal experiments 


A wild-type (C57BL/6) male mouse was trans- 
cardially perfused at postnatal day 28 under 
isoflurane anesthesia using a solution of 2.5% 
paraformaldehyde and 1.25% glutaraldehyde 
(pH 7.4) following the protocol in (53). All 
procedures followed the animal experiment 
regulations of the Max Planck Society and 
were approved by the local animal welfare 
authorities (Regierungsprasidien Oberbayern 
and Darmstadt). 


Tissue sampling and staining 


The brain was removed from the skull after 
48 hours of fixation and sliced coronally using 
a vibratome. Two samples were extracted 
using a l-mm biopsy punch (Integra Miltex, 
Plainsboro, NJ) from a 1-mm-thick slice 5 mm 
from the front of the brain targeted to layer 4 
in the somatosensory cortex of the right hemi- 
sphere. The corresponding tissue from the left 
hemisphere was further sliced into 70-um- 
thick slices followed by cytochrome oxidase 
staining, indicating the location of the coro- 
nal slice to be in barrel cortex. 

Next, the extracted tissue was stained as 
described previously (53). Briefly, the tissue 
was immersed in a reduced osmium tetroxide 
solution (2% OsO,, 0.15 M CB, 2.5 M KFeCN), 
followed by a 1% thiocarbohydrazide step and 
a 2% OsO, step for amplification. After an 
overnight wash, the sample was further in- 
cubated with 1.5% uranyl acetate solution and 
a 0.02 M lead(ID) nitrate solution. The sample 
was dehydrated with propylene oxide and 
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EtOH, embedded in Epon Hard (Serva Elec- 
trophoresis GmbH, Germany), and hardened 
for 48 hours at 60°C. 


3D electron microscopy experiment 


The embedded sample was placed on an alu- 
minum stub and trimmed such that the tissue 
was directly exposed on all four sides of the 
sample. The sides of the sample were covered 
with gold in a sputter coater (Leica Micro- 
systems, Wetzlar, Germany). Then, the sample 
was placed into an SBEM setup [(37), Magellan 
scanning electron microscope, FEI Company, 
Hillsboro, OR, equipped with a custom-built 
microtome courtesy of W. Denk]. The sample 
was oriented so that the radial cortex axis was 
in the cutting plane. The transition between 
14 and L5A was identified in overview elec- 
tron microscopy (EM) images by the sudden 
drop in soma density between the two layers 
(Fig. 1C). A region of size 96 x 64: um? within L4 
was selected for imaging using a 3 x 3 image 
mosaic, a pixel size of 11.24 x 11.24 nm?, an 
image acquisition rate of 10 MHz, a nominal 
beam current of 3.2 nA (thus a nominal electron 
dose of 15.8 e’/nm?), an acceleration voltage of 
2.5 kV, and a nominal cutting thickness of 28 nm. 
The effective data rate, including overhead time 
spent during motor movements for cutting 
and tiling, was 0.9 MB/s. A total of 3420 image 
planes were acquired, yielding 194 GB of data. 


Image alignment 


After 3D EM dataset acquisition, all images 
were inspected manually and marked for im- 
aging artifacts caused by debris present on 
the sample surface during imaging. Images 
with debris artifacts were replaced by the im- 
ages at the same mosaic position from the 
previous or subsequent plane. First, rigid 
translation-only alignment was performed 
based on the procedures in (53). The following 
modifications were applied. When shift vec- 
tors were obtained that yielded offsets of >100 
pixels, these errors were iteratively corrected 
by manually reducing the weight of the cor- 
responding entry in the least-squares relaxa- 
tion by a factor of 1000 until the highest 
remaining residual error was <10 pixels. Shift 
calculation of subsequent images in cutting 
direction was found to be the most reliable 
measurement and was therefore weighted 
3-fold in the weighted least-squares relaxa- 
tion. The resulting shift vectors were applied 
(shift by integer voxel numbers) and the 3D 
image data were written in KNOSSOS format 
(34, 36). For further improvement, subimage 
alignment was applied (see the supplementary 
materials and methods). 


Methods description for software code 


All routines described in the following are 
available as software at https://gitlab.mpcdf. 
mpg.de/connectomics/L4dense, which is the 
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relevant reference for the exact sequence of 
processing steps applied. The following descrip- 
tions and the more detailed ones in the sup- 
plementary materials and methods are aimed 
at pointing to the key algorithmic steps rather 
than enumerating all detailed computations. 


Workflow for dense circuit reconstruction 


The workflow for volume reconstruction of 
the acquired 3D EM volume (Fig. 2 and fig. S1) 
was as follows. We first detected blood vessels 
and cell bodies using automated heuristics, 
and then processed the remaining image vol- 
ume using machine-learning-based image seg- 
mentation [CNN and watershed as described 
in SegEM (32)]. The result of this processing 
was 15 million volume segments correspond- 
ing to pieces of axons, dendrites, and somata 
(volume: 0.0295 + 0.3846 um’, mean + SD). 
We then constructed the neighborhood graph 
between all these volume segments and com- 
puted the properties of interfaces between di- 
rectly adjacent volume segments. On the basis 
of these features, we trained a connectivity 
classifier (ConnectEM; Fig. 2, A and B) to de- 
termine whether two segments should be con- 
nected (along an axon or a dendrite or a glial 
cell) or if they should be disconnected. Using 
the SynEM classifier (33), we determined 
whether an interface between two discon- 
nected processes corresponded to a chemical 
synapse and, if so, which was the presynaptic 
and which was the postsynaptic neurite seg- 
ment (see below for more details). We further- 
more trained a set of classifiers (TypeEM; Fig. 
2C) to compute for each volume segment the 
probability of being part of an axon, a den- 
drite, a spine head, or a glia cell (precision and 
recall were 91.8 and 92.9% for axons, 95.3 and 
90.7% for dendrites, 97.2 and 85.9% for astro- 
cytes, and 92.6 and 94.4% for spine heads, 
respectively; see table S2). 


Cell body—based neuron reconstruction 


We next reconstructed those neurons that had 
their cell bodies in the tissue volume (Fig. 1, E 
and F, cell gallery in movie S1; ” = 125 cell 
bodies; of these, 97 were neuronal and of these 
97, 89 were reconstructed with dendrites in 
the dataset). For this, we used a set of simple 
growth rules for automatically connecting 
neurite pieces on the basis of the segment- 
to-segment neighborhood graph and the con- 
nectivity and neurite type classifiers (fig. S1, 
“automated agglomeration”; see the supple- 
mentary materials and methods). As a result, 
we obtained fully automated reconstructions 
of the neuron’s soma and dendritic processes. 
With a minimal additional manual correction 
investment of 9.7 hours for 89 cells (64.5 mm 
dendritic and 2.1 mm axonal path length), the 
dendritic shafts of these neurons could be re- 
constructed without merge errors, but there 
were 37 remaining split errors, at 87.3% den- 
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dritic length recall (table S2). This reconstruc- 
tion efficiency compares favorably to recent 
reports of automated segmentation of neu- 
rons in 3D EM data from the bird brain ob- 
tained at ~2-fold higher imaging resolution 
(54), which reports soma-based neuron recon- 
struction at an error rate of beyond 100 errors 
per 66 mm dendritic shafts at lower (68%) 
dendritic length recall with a similar resource 
investment (see the supplementary materials 
and methods). 

In addition to the dendritic shafts, the den- 
dritic spines constitute a major fraction of the 
dendritic path length in cortical neuropil (Fig. 
1G). Using our spine head classifier (part of the 
TypeEM classifiers; Fig. 2C), we found 415,797 
spine heads in the tissue volume, which is a 
density of 0.784 per 1m? (0.98 per wm? of neu- 
ropil, when excluding somata and blood ves- 
sels). To connect these to the corresponding 
dendritic shafts, we trained a spine neck con- 
tinuity algorithm that was able to automati- 
cally attach 58.9% of these spines (evaluated in 
the center of the dataset at least 10 um from 
the dataset border), yielding a dendritic spine 
density of 0.672 per um dendritic shaft length 
[comparable to spine densities in the bird 
brain (55)]. However, in mammalian cerebral 
cortex, the density of spines along dendrites is 
even higher (at least 1 per um dendritic shaft 
length). The remaining spine heads were then 
attached to their dendritic shafts by seeding 
manual reconstructions at the spine heads 
and asking annotators to continue along the 
spine necks to the dendritic shafts. This an- 
notation was performed in the “orthogonal 
mode” configuration of webKnossos (34), in 
which the annotator viewed three orthogonal 
image planes to decide where to continue the 
respective spine neck [as in KNOSSOS (36)]. 
The annotation of all remaining spine necks 
consumed an additional 900 hours of human 
work for the attachment of 98,221 spines, 
resulting in a final overall spine density of 
0.959 per um dendritic shaft length. 


Dense tissue reconstruction 


The reconstruction of neurons starting from 
their cell bodies, however, was not the main 
challenge. Rather, the remaining processes, 
axons and dendrites not connected to a cell 
body within the dataset and densely packed 
in the tissue constitute ~97% of the total neu- 
ronal path length in this volume of cortex 
(Fig. 1G). To reconstruct this vast majority of 
neurites (Fig. 1H), we first used our connec- 
tivity and neurite type classifiers (ConnectEM 
and TypeEM, respectively; Fig. 2) to combine 
neurite pieces into larger dendritic and axonal 
agglomerates (“automated agglomeration,” fig. 
S1 and supplementary materials and methods). 
Then, we took those agglomerates that had a 
length of at least 5 um (7 = 74,074 axon ag- 
glomerates), detected their endings that were 
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not at the dataset border, and directed focused 
human annotation to these endings (“queries,” 
Fig. 2, F and G). 

For human annotation, we used an egocen- 
tric directed 3D image data view (“flight mode” 
in webKnossos), which we had previously found 
to provide maximized human reconstruction 
speed along axons and dendrites in cortex (34). 
Here, however, instead of asking human anno- 
tators to reconstruct entire dendrites or axons, 
we only queried their judgment at the endings 
of automatically reconstructed neurite parts. 
To make these queries efficient, we made 
three additions to webKnossos: (i) we oriented 
the user along the estimated direction of the 
neurite at its ending, reducing the time the 
user needs to orient within the 3D brain tis- 
sue; (ii) we dynamically stopped the user’s flight 
along the axon or dendrite whenever another 
of the already reconstructed neurite agglomer- 
ates had been reached; and (iii) we preloaded 
the next query while the user was annotating 
(Fig. 2, F and G). Movie 82 illustrates this an- 
notation process for cases of splits and mergers, 
respectively. Note that the user was able to 
switch quickly to the next query and, based on 
its 3D orientation, spent little time orienting 
in the tissue at the new location. With this, the 
average user interaction time was 21.3 + 36.1s 
per query, corresponding to an average of 5.5 + 
8.8 um traveled per query. In total, 242,271 
axon-ending queries consumed 1978 paid-out 
work hours (i.e., including all overheads, 29.4 s 
per query). 

However, we had to account for a second 
kind of reconstruction error, so-called mergers, 
which can originate from the original segmen- 
tation, the agglomeration procedure, or erro- 
neous flight paths from human queries (Fig. 
2H). To detect such mergers, we started with 
the notion that most of these merger locations 
will yield a peculiar geometrical arrangement 
of a 4-fold neurite intersection once all neurite 
breaks have been corrected (Fig. 2H, “chiasma”). 
Because such chiasmatic configurations occur 
rarely in branching neurites, we directed human 
focused annotation to these locations. First, 
we automatically detected these chiasmatic 
locations using a simple heuristic to detect 
locations at which axon-centered spheres inter- 
sected more than three times with the axon 
[Fig. 2H, n = 55,161 chiasmata; for approaches 
to detect such locations by machine learning, 
see (56, 57)]. Then, we positioned the user 
queries at a certain distance from the chiasma 
location pointing inward (Fig. 2H) and used 
a set of case distinctions to query a given chi- 
asma until its configuration had been resolved 
(see the supplementary materials and meth- 
ods for details). Chiasma annotation con- 
sumed an additional 1132 work hours [note 
that the detection of endings and chiasmata 
was iterated eight times for axons (see the 
supplementary materials and methods) and 
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that, in a final step, we also detected and que- 
ried 3-fold neurite configurations to remove 
remaining mergers]. 


Synapse detection, types of postsynaptic 
targets, and connectome reconstruction 


Given the reconstructed pre- and postsynaptic 
neurites in the tissue volume, we then went on 
to extract their connectome. For this, we used 
SynEM (33) to detect synapses between the 
axonal presynaptic processes and the post- 
synaptic neurites (Fig. 2E). 

We trained a dedicated interface classifier 
for nonspine synapses using training data 
containing only shaft and soma synapses 
(Figs. S2 to S5; see the supplementary 
material and methods). This classifier also 
used four additional texture filters compared 
with SynEM in (33), which originated from 
the voxelwise predictions of a multiclass 
CNN trained on synaptic junctions, vesicle 
clouds, mitochondria, and a background class 
(Fig. 2E). 

Because we were interested in analyzing the 
subcellular specificity of neuronal innervation, 
we had to also classify which of the postsynap- 
tic membranes belonged to cell bodies; to 
classify spiny dendrites as belonging to ex- 
citatory cells and smooth dendrites as be- 
longing to INs; and to detect AISs and those 
dendrites that were likely ADs of neurons 
located in deeper cortical layers. We devel- 
oped semiautomated heuristics to detect these 
subcellular compartments (Fig. 3, A to D; see 
the supplementary materials and methods 
for details). 


Definition of excitatory and inhibitory axons 


We used the fraction of primary spine synap- 
ses per axon (out of all synapses of that axon, 
only axons with at least 5 um path length and 
at least 10 synapses were analyzed), which had 
a peak at ~80% (Fig. 4, A and B), to identify 
spine-preferring, likely excitatory axons with 
at least 50% primary spine innervations. Sim- 
ilarly, we identified shaft-preferring, likely 
inhibitory axons with <20% primary spine 
innervations. Together, this yielded 6449 axons 
with clear shaft or spine preferences. For the 
remaining 2 = 528 axons with primary spine 
innervations >20% and <50%, we first wanted 
to exclude remaining mergers between excit- 
atory and inhibitory axons (that would yield 
intermediate spine innervation rates) and split 
these axons at possible merger locations (at 
least 3-fold intersections). Of these, 338 now 
had at least 10 synapses and spine innerva- 
tion rates <20% or >50%. The remaining 7 = 
192 axons (2.75% of all axons with at least 
10 synapses) were not included in the following 
analyses. This together yielded n = 5894 ex- 
citatory and n = 893 inhibitory axons in our 
data. For additional controls, see the supple- 
mentary materials. 
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TC axons were defined following parame- 
ters described previously (38) (see the supple- 
mentary materials and methods). 


Analysis of subcellular synaptic target preference 


First, we assumed that all synapses of a given 
axon class have the same probability to in- 
nervate a particular postsynaptic target class 
(as above). We then inferred this single-hit 
innervation rate for all combinations of pre- 
synaptic axon classes and postsynaptic target 
classes by determining the probability that 
best explains whether an axon innervated the 
target class under a binomial model. The opti- 
mized binomial model was then used toge- 
ther with the measured number of synapses of 
each axon to calculate the expected distribu- 
tion of target innervation rates. A one-sided 
Kolmogorov-Smirnov test was used to search 
for the existence of a subpopulation with an 
increased target innervation rate. To identify 
those axons that innervated a given target 
class beyond chance (Fig. 4G), we computed 
the probability DP meas x of finding at least the 
measured fraction of synapses onto target t 
for each axon 7 from axon class k. The p values 
were also calculated for the expected distri- 
bution of target innervation rates and com- 
bined with p neas,% to estimate the p-value 
threshold px at which the false discovery 
rate g (39) crosses 20%. Eighty percent of 
the axons with p meas,i,e < PO» innervate 
target t with a rate above the single-hit in- 
nervation probability and are thus considered 
to be ¢ preferring. 

For the analysis of second-order innervation 
preference (Fig. 4, H and I), we reported the 
fraction of synapses onto target t by preferring 
axons of class & after removal of synapses onto 
t. This innervation rate was compared against 
the fraction of synapses onto target t by all 
axons of class k. 


Geometrical predictability analysis 


Peters’ rule (7) stipulates that synapses be- 
tween classes of axons and dendrites are es- 
tablished in proportion to the prevalence of 
these classes. One variant of Peters’ rule con- 
sidered (Fig. 5B) makes the prediction that the 
fraction of synapses from axon class A onto 
target class T is the product of pa and gr, 
where pa is the proportion of axonal path 
length made up by class A, and qr is the pro- 
portion of dendritic path length (excluding 
spines) made up by class T. The measured 
synapse fractions were compared against the 
predictions by calculating the ratio of ob- 
served to predicted synapse fractions. 

Other formulations evaluate these predic- 
tions independently for each axon class (Fig. 
5A) or each dendrite class (Fig. 5C). 

Finally, to assess the effect of incorporating 
explicit knowledge about the synapse den- 
sities of different axon and dendrite classes, 
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a fourth variant of Peters’ rule (Fig. 5D) was 
considered in which the predicted synapse 
fraction from axon class A onto target class T is 
the product of p', and q’z, the overall fractions 
of synapses originating from A and innervat- 
ing T, respectively. 

How much additional information about 
the neuropil composition around an axon 
helps to predict its postsynaptic targets was 
assessed as follows. For each axon, we deter- 
mined the total surface area of the target 
classes that were contained within the cylin- 
der of radius 7p;eq around the axon (Fig. 5E) 
and compared it with the actually innervated 
target fraction of each axon (Fig. 5, E and F). 
We then analyzed the correlation between 
the availability of the target surfaces and the 
established synapses on these target classes 
(Fig. 5G). 

We then computed R? using the following 
model. For all axons of a given type, we used 
the fraction of target innervations and frac- 
tional surface availabilities in a surround of 
radius 7prea to find the optimal multivariate 
linear regression parameters. To estimate 
best-case geometric predictability, we then 
calculated R? as 1 minus the ratio between the 
squared residuals of the regression and the 
synaptic variance on the same axons used for 
parameter optimization. Here, we corrected for 
the variance introduced by the finite number 
of synapses per axon: we used the axons’ 
fractional surface availabilities within 7prea 
and absolute synapse numbers to calculate the 
expected binomial variance and subtracted 
it from the squared residuals. 

This analysis made several assumptions that 
were in favor of a geometrical explanation of 
synaptic innervation [therefore, the conclusions 
about a minimal predictability (Fig. 5H) are 
still upper-bound estimates]. It was assumed 
that the number of synapses for a given axon 
was already known; in most settings, only 
average synapse rates are known for a given 
circuit. It also assumed that a precise knowl- 
edge of the axonal trajectory and the surround- 
ing target surface fractions were available; 
again, this is usually only available as an aver- 
age on the scale of rpreq of several tens of 
micrometers. 

To relax the assumption of complete knowl- 
edge about target availabilities, we repeated 
the above R® analysis for a model in which 
the predicted fractional innervation of a tar- 
get is the fractional surface availability of 
that target. 

The computational routine used can be found 
at https://gitlab.mpcdf.mpg.de/connectomics/ 
L4dense in +connectEM/+Connectome/ 
plotGeometricPredictability.m. 


Synapse-size consistency analysis 


To determine the consistency of primary spine 
synapses between a given axon-dendrite pair, 
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we calculated the axon-spine interface area 
(ASI) (42, 43) of a synapse as the total contact 
area between the corresponding axon and 
spine head agglomerates. For axon-dendrite 
pairs connected by exactly two primary spine 
synapses, we then calculated the coefficient 
of variation (CV) of the ASI areas by CV = 
27/?(ASI, - ASI,)/(ASI, + ASI,), where ASI, 
and ASI, are the larger and smaller of the two 
ASI areas, respectively. To avoid false same-axon, 
same-dendrite (AADD) pairs caused by remain- 
ing merge errors in the axon reconstruction, 
this analysis was performed only after splitting 
axons at their branch points. The measured 
distribution of CV values was compared against 
the CV values obtained by randomly drawing 
pairs from all AADD synapses and against the 
CV values of observed AADd synapse pairs 
and pairs from different axons onto the same 
dendrite (AaDD) and from different axons 
onto different dendrites (AaDd; Fig. 7H). To 
test whether AADD primary spine synapse 
pairs are more similar in size than pairs in the 
control conditions, a one-sided Kolmogorov- 
Smirnov test was used. We calculated the 
decimal logarithm of the average ASI area (in 
square micrometers) and the CV of the ASI 
areas of each synapse pair to map the size- 
similarity plane (Fig. 7, F and I). The kernel 
density estimate of the observed distribution 
was compared against the distribution ex- 
pected from random pairs (5000 Monte Carlo 
samples; fig. S7C) to identify statistically sig- 
nificantly overrepresented regions. Contour 
lines show the intersection of the significance 
regions for p-value thresholds of 0.5% and 5% 
(Fig. 7, E, F, I, and fig. S7, C and D), with the 
convex hull around the set of all data points. 
The fraction of data points contained within a 
contour was used as the upper bound on the 
fraction of connections consistent with sat- 
urated Hebbian plasticity (Fig. ’7J). 


Statistical methods 


The following statistical tests were performed 
(in order of presentation in the figures): 

The existence of axon subpopulation with 
unexpectedly high synapse rate onto a given 
target class was tested using the one-sided 
Kolmogorov-Smirnov test (Fig. 4, E and F). 
Axons belonging to a given target-preference 
class were identified on the basis of the false 
detection rate criterion [g = 20% (39)] (Fig. 4G). 

The degree to which synaptic variance is 
explainable by geometry-based models was 
evaluated using R? (Fig. 5H). Binomial vari- 
ance was corrected for by subtracting the 
surface fraction-based expected binomial var- 
iance from the squared residuals. 

F tests were used to evaluate synaptic gra- 
dients as function of cortical depth (Fig. 6, B 
and D) or dendritic orientation (Fig. 6, F and 
G). For correlation of the TC input fraction 
with other synaptic input fractions along den- 
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drites, the inhibitory input fraction and seven 
target-preferential inhibitory and excitatory 
synapse types were tested. AD-preferring in- 
hibitory synapses were the only ones with sig- 
nificant and substantial correlation (Pearson’s 
correlation after Bonferroni’s correction for 
n = 8 multiple tests). The correlation was 
also significant at the soma level (Pearson’s 
correlation). Both correlations were also sig- 
nificant using Spearman’s rank correlation. 

The four variants of Peters’ rule (Fig. 5, A to 
D) were compared using a likelihood-ratio test 
based on the following multinomial model. It 
was assumed that the pre- and postsynaptic 
classes of each synapse in the connectome 
were sampled either after the path-length frac- 
tions of these classes (p, and qr) or after the 
product of the path length and a class-specific 
likelihood-maximizing relative synapse den- 
sity. Wilks’ theorem was used to compute the 
corresponding p values. 

To test whether the axon-spine interface 
areas of a given spine-synapse pair configu- 
ration were more similar than randomly sam- 
pled pairs, a one-sided Kolmogorov-Smirnov 
test was used (Fig. 7, H and K). 
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INTRODUCTION: Coping with negative experi- 
ence is essential for survival. Animals must 
quickly recognize a harmful situation, pro- 
duce an adequate response, and learn its con- 
text, so that they can predict the reoccurrences 
of similar experiences. This process requires 
the lateral habenula (LHb) and the medial 
ventral tegmental area (mVTA) for evaluat- 
ing and predicting aversive stimuli. LHb neu- 
rons promote encoding of aversive behavior, 
learn to respond to cues that predict aversive 
stimuli, and activate negative experience- 
processing mVTA dopaminergic (DA) neu- 
rons. Overexcitation of LHb neurons leads 
to depression-like symptoms, whereas their 
inactivation has an antidepressant effect. 
Coping with negative experience also requires 
the septohippocampal system to record and 
recall contextual memories of events. This 
process necessitates increased firing of pace- 
maker parvalbumin (PV)-positive neurons 
in the medial septum and the vertical limbs 
of the diagonal bands of Broca (MS/VDB) 
and subsequent theta oscillations in the hip- 


A sseevascesekesitr ape terse dtaationt oars 


- LHb mVTA 


pocampus. However, how all these brain 
centers coordinate their activity during ad- 
verse events is poorly understood. 


RATIONALE: Because the LHb does not project 
directly to the septohippocampal system, 
the brainstem median raphe region (MRR) 
has been proposed to coordinate their ac- 
tivity. Although MRR plays an important 
role in regulating mood, fear, and anxiety, 
and neuronal projections from it have been 
extensively studied for decades, it is still un- 
clear how MRR neurons process these neg- 
ative experiences. Using cell type-specific 
neuronal tract tracing, monosynaptic rabies 
tracing, block-face scanning immunoelectron 
microscopy, and in vivo and in vitro electro- 
physiological methods, we investigated the 
neurons of mouse MRR that are responsible 
for these functions. We used in vivo opto- 
genetics combined with behavioral experi- 
ments or electrophysiological recordings to 
explore the role of MRR neurons responsible 
for the acquisition of negative experience. 
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MRR vGluT2 neurons serve as a key hub for aversive behavior. (A) MRR vGluT2 (VG2) neurons 

process aversive events by activating LHb and mVTA neurons and hippocampus (HIPP)-projecting 
memory acquisition—promoting PV-positive cells in MS/VDB. PFC, prefrontal cortex; IN, interneuron; 

PC, pyramidal cell. After viruses made MRR vGluT2 neurons light-sensitive (B), mice were light-stimulated in 
a specific area (C), which caused significant avoidance of that area compared with response in control 
mice (D). Medians and interquartile ranges; ***P = 0.00034; Mann-Whitney U test. AAV5, adeno-associated 
virus serotype 5; CTRL, control; ChR2, channelrhodopsin 2; eYFP, enhanced yellow fluorescent protein. 
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RESULTS: We discovered that the MRR harbors 
a vesicular glutamate transporter 2 (vGluT2)- 
positive cell population that gives rise to the 
largest ascending output of the MRR. These 
neurons received extensive inputs from neg- 
ative sensory experience-related brain centers, 
whereas their excitatory fibers projected to the 
LHb, mVTA, and MS/VDB (see figure). MRR 
vGluT2 neurons mainly innervated MRR- or 
mVTA-projecting cells in the medial (limbic) 
LHb, creating a direct feedback in the MRR- 
LHb-mVTA axis. MRR vGluT2 neurons were 
selectively activated by aversive but not reward- 
ing stimuli in vivo. Stimulation of MRR vGluT2 
neurons induced strong aversion (see figure), 
agitation, and aggression and suppressed reward- 
seeking behavior, whereas their chronic activa- 
tion induced depression-related anhedonia. The 
latter can at least partly be explained by our three- 
dimensional electron microscopy data showing 

highly effective synaptic 
targeting of LHb neurons 
Read the full article and by our in vitro data 
at http://dx.doi. showing that MRR vGluT2 
org/10.1126/ terminals can trigger de- 
science.aay8746 pressive behavior-related 
Waiheke aiteita sein Mewar huisiag adiibroeT Eb nee 
rons. MRR vGluT2 neurons seem to be involved 
in active responses to negative experience, there- 
fore inducing aggression or avoidance, classical 
fight-or-flight responses. Suppression of MRR 
vGluT2 neurons precisely at the moment of the 
aversive stimulus presentation strongly disrupted 
the expression of both contextual and cued fear 
memories and prevented fear generalization. MRR 
vGluT2 neurons could facilitate the learning of 
negative experience, because their LHb-projecting 
axons bifurcated and selectively innervated pace- 
maker MS/VDB PV-positive neurons that projected 
to the hippocampus. Consequently, in vivo stim- 
ulation of MRR vGluT2 neurons instantly evoked 
memory acquisition-promoting hippocampal 
theta oscillations in mice. 


CONCLUSION: Our results revealed that the MRR 
harbors a previously unrecognized brainstem 
center that serves as a key hub for the acqui- 
sition of negative experience. MRR vGluT2 neu- 
rons could activate the aversion- and negative 
prediction-related LHb-mVTA axis and could 
swiftly transform the state of the septohippo- 
campal system for immediate acquisition of 
episodic memories of the negative experience. 
Maladaptations in processing negative expe- 
rience form the basis of several types of mood 
disorders, which have a huge social and eco- 
nomic impact on individuals and society. Selec- 
tive targeting of this neural hub may form the 
basis of new therapies. 
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Adverse events need to be quickly evaluated and memorized, yet how these processes are coordinated is 
poorly understood. We discovered a large population of excitatory neurons in mouse median raphe 
region (MRR) expressing vesicular glutamate transporter 2 (vGluT2) that received inputs from several 
negative experience-related brain centers, projected to the main aversion centers, and activated the 
septohippocampal system pivotal for learning of adverse events. These neurons were selectively 
activated by aversive but not rewarding stimuli. Their stimulation induced place aversion, aggression, 
depression-related anhedonia, and suppression of reward-seeking behavior and memory acquisition— 
promoting hippocampal theta oscillations. By contrast, their suppression impaired both contextual and 
cued fear memory formation. These results suggest that MRR vGluT2 neurons are crucial for the 
acquisition of negative experiences and may play a central role in depression-related mood disorders. 


0 survive, animals must quickly recognize 

a harmful situation, produce an adequate 

response, and learn its context to help 

predict the occurrence of similar nega- 

tive experiences in the future (7-6). This 
process requires the lateral habenula (LHb) 
and medial ventral tegmental area (mVTA) for 
evaluating and predicting aversive stimuli and 
also requires the septohippocampal system to 
record and recall memories of these adverse 
events. Yet how these brain centers coordinate 
their activity during adverse events is poorly 
understood. Because the LHb does not project 
directly to the septohippocampal system, the 
brainstem median raphe region (MRR) has 
been proposed to coordinate their activity 
(7-14). Although the MRR plays an important 
role in regulating mood, fear, and anxiety, its 
role in processing negative experience remains 
elusive (13, 15, 16). It contains projection neurons 
expressing serotonin [5-hydroxytryptamine 
(5-HT)] and/or type 3 vesicular glutamate trans- 
porter (vGluT3), yet after decades of studies, 
it is still unclear how MRR neurons can sup- 
port these functions (17-19). Although pro- 
jections from the MRR to the LHb, mVTA, 
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and medial septum and the vertical limbs of the 
diagonal bands of Broca (MS/VDB) must be 
crucial to understanding negative experience- 
related behavior, the identity of key MRR neu- 
rons responsible for these connections remains 
unknown (20, 27). 


Most MRR projection neurons 
are vGluT2-positive 


In mice, the transmitter phenotypes and targets 
of almost 25% of MRR neurons are unknown 
(22). In this study, injections of the Cre-dependent 
tracer virus AAV5-eYFP (AAV5, adeno-associated 
virus serotype 5; eYFP, enhanced yellow flu- 
orescent protein) into the MRR of vGluT2-Cre 
mice, together with complete stereological mea- 
surements, revealed that at least 20% of the 
MRR neurons are vGluT2-positive (Fig. 1, A 
to C; table S5; and supplementary materials). 
MRR vGluT2-positive neurons were evenly dis- 
tributed both in the median and the paramedian 
part of the MRR. Fluorescent immunohisto- 
chemistry demonstrated that this group of 
cells was distinct from 5-HT- and/or vGluT3- 
positive neurons in the MRR (Fig. 1B). Terminals 
of eYFP-expressing MRR neurons of vGluT2-Cre 
mice were positive for vGluT2 (fig. S1, A and B), 
but they do not express the plasma membrane 
serotonin transporter, vesicular GABA trans- 
porter (vGAT), or vGluT3 (fig. S1C). 


MRR vGluT2 neurons are linked to negative 
experience-related brain regions 


Viral labeling of vGluT2 neurons with Cre- 
dependent AAV5-eYFP in vGluT2-Cre mice 
revealed that they strongly innervate the LHb 
and the mVTA (Fig. 1, E and F), as well as 
other neurons locally (fig. SID). We did not 
observe similar innervation patterns after 
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injecting surrounding brain areas in vGluT2- 
Cre mice, nor after injecting AAV5-eYFP into 
the MRR of tryptophan hydroxylase (TpH)- 
Cre, vGluT3-Cre, or vGAT-Cre mice [labeling 
serotonergic, vGluT3-positive, and y-amino- 
butyric acid-releasing (GABAergic) MRR neu- 
rons, respectively] (fig. S3, A to I). 

Injections of Cre-dependent AAV5-eYFP into 
the MRR of vGluT2-Cre mice showed that 
MRR vGluT2 neuronal projections avoided 
positive reinforcement-related lateral VTA 
dopaminergic (DA) cells (Fig. 1G). Instead, they 
innervated mVTA DA neurons (Fig. 1, G and 
H). Glutamatergic LHb neurons also inner- 
vate mVTA DA cells to regulate negative reward 
predictions and aversive behavior (J-3, 23). 
Indeed, when we simultaneously injected 
AAV5-mCherry into the LHb and AAV5-eYFP 
into the MRR of the same vGluT2-Cre mice, 
we detected that both LHb and MRR vGluT2 
neurons targeted the mVTA specifically (Fig. 1, 
G and H). 

Aversion-related mVTA DA cells target the 
medial prefrontal cortex (mPFC) (23, 24). We 
injected the retrograde tracer choleratoxin B 
subunit (CTB) into the mPFC and Cre-dependent 
AAV5-eYFP into the MRR of vGluT2-Cre mice 
(fig. SIE). vGluT2-positive MRR terminals es- 
tablished synaptic contacts with those mVTA 
DA neurons that project to the mPFC (fig. S1, 
F and G), showing that vGluT2-positive MRR 
neurons target DA cells related to negative 
reward predictions. 

Glutamatergic LHb neurons (primarily in 
the medial part of the LHb) also innervate 
the MRR (25), but the identity of their target 
cells is unknown. We injected Cre-dependent 
AAV5-eYFP into the MRR and AAV5-mCherry 
into the LHb of vGluT2-Cre mice and found 
that MRR vGluT2 neurons primarily targeted 
the medial part of the LHb (Fig. 1E), whereas 
at least 39% of LHb terminals innervated 
vGluT2-positive neurons in the MRR (Fig. 1, 
I to L). Serotonergic and vGluT3-positive MRR 
neurons were also targeted by LHb vGluT2 
neurons (for the exact ratios, see fig. S2, F and 
G). Using combined anterograde and retro- 
grade tracing, we also found that there is a 
direct reciprocal connection between the LHb- 
projecting vGluT2-positive MRR neurons and 
the MRR-projecting vGluT2-positive LHb neu- 
rons (Fig. 11) (for measured ratios, see figs. S1, 
H to J, and S2, A to E, and supplementary ma- 
terials). vGluT2-positive MRR neurons also 
innervate LHb neurons that project to the 
mVTA (fig. S1, H to J). These results indicate 
an excitatory positive-feedback loop between 
the vGluT2 neurons of the MRR and LHb. Both 
of these neuronal populations project to the 
aversion-encoding mVTA as well. 

To identify upstream brain areas that syn- 
aptically target the MRR vGluT2-positive 
neurons, we used mono-transsynaptic rabies 
tracing (26). We used a Cre-dependent helper 
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Fig. 1. vGluT2 neurons are the largest population of projection cells in the 
MRR. (A) AAV5-eYFP labeling in the MRR in vGluT2-Cre mice. Scale bar: 200 um. 
(B) eYFP-labeled vGluT2-positive (green arrows), immunolabeled TpH-positive 
(white arrows), vGluT3-positive (red arrows), and TpH/vGluT3 double positive 
(yellow arrow) cells in MRR. Scale bar: 20 um. (€) At least 20% of the MRR 
neurons are vGluT2-positive. (For stereological statistical details, see table S5). 

(D) AAV2/5-EFla-DIO-eYFP was injected into the MRR of vGluT2-Cre mice (n = 3). 
(E and F) Virally labeled vGluT2-positive MRR fibers innervate the LHb (primarily the 
medial part) and mVTA. fr, fasciculus retroflexus; LHb-L, lateral habenula, lateral 
division; LHb-M, lateral habenula, medial division; MHb, medial habenula; VTA, ventral 


tegmental area. Scale bars: 200 um. (G) vGluT2-positive fibers fro 
and LHb (red) innervate the same medial VTA but not the lateral V1 
labeled with anti-tyrosine hydroxylase (TH, blue). Scale bar: 50 um. 


n MRR (green) 
TA. DA cells were 
Statistical details 


for all figures are provided in the supplementary text section of the supplementary 


materials. (H) vGluT2-positive MRR axon term 


nal (green) and an LHb terminal (red) 


establish Homer-1 (white) positive synaptic contacts with the same dopaminergic 
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cell (TH, blue) in mVTA. Scale bar: 5 um. (I) AAV2/5-EFla-DIO-eYFP was injected 
into the MRR and AAV2/5-EFla-DlO-mCherry was injected into the LHb of vGluT2- 
Cre mice bilaterally (n = 2). (J and K) Injection site in the LHb (J) and its 
vGluT2-positive fibers in the MRR (K). Scale bar: 200 um. (L) vGluT2-positive LHb 
fibers (red) establish Homer-1 (white) positive synaptic contacts (white arrowheads) 
with vGluT2-positive MRR neurons (green). Scale bar: 10 ym. (M) vGluT2-positive 
MRR fibers (green) establish Homer-1 (white) positive synaptic contacts (white 
arrowheads) with vGluT2-positive LHb neurons (red). Scale bar: 5 um. (N) A helper 
AAV2/8-hSyn-FLEX-TpEp(oG) was injected into the MRR of vGluT2-Cre mice, 
followed by an injection of Rabies(AG)-EnvA-mCherry 2 weeks later (n = 3 mice). 
(O) Injection site of helper (green) and rabies (red) viruses into the MRR of vGluT2-Cre 
mice. Inset shows some starter neurons expressing both viruses. Scale bar: 100 um 
(main image), 10 um (inset). (P to T) Rabies-labeled neurons in different brain areas 
establish synapses on vGluT2-positive MRR neurons. Scale bar: 100 um. LDTg, 
laterodorsal tegmental nucleus; LPO, lateral preoptic area; PDTg, posterodorsal 
tegmental nucleus; VP, ventral pallidum. For detailed analysis, see table S6. 
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virus encoding both an avian tumor virus 
receptor A (TVA) and an optimized rabies 
glycoprotein, and we used a TVA-receptor- 
dependent and glycoprotein-deleted rabies 
virus in vGluT2-Cre mice (supplementary ma- 
terials and Fig. 1, N and O)—the specificity of 
this virus combination was validated in our 
previous study (27). Brain areas that play an 
essential role in negative experience-related 
behavior, including the dorsal raphe (DR), lat- 
eral hypothalamus (LH), periaqueductal gray, 
and zona incerta, showed a strong conver- 
gence onto vGluT2-positive MRR cells (Fig. 1, 
P to T; for details, see table S6). The LHb ac- 
counts for most of the monosynaptically la- 
beled input cells (Fig. 1R). Areas related to 
the encoding of aversive memories [such as 
the mammillary areas, the pontine reticular 
nucleus, or the nucleus incertus (NI)] also sent 


AAV5-EF 1a- 


vGluT2-Cre mouse 


mean= 2.1 
synapses/ 
MRR vGluT2 
terminal 


123 4 567 
synapses/terminal 


strong projections onto vGluT2-positive MRR 
neurons (table S6). 


MRR vGluT2 neurons establish multiple 
burst-promoting synapses on LHb neurons 


Negative experience-related behavior and sub- 
sequent depression-like symptoms are strongly 
promoted by the excitatory inputs of LHb 
neurons (28-30). Using block-face scanning 
electron microscopy, we revealed that MRR 
vGluT2 neurons provide an extensive syn- 
aptic coverage on LHb neurons (Fig. 2, A, B, E, 
and F), and most of the axon terminals of 
MRR vGluT2 neurons established more than 
one synapse on the same or different target 
cells (Fig. 2D). N-methyl-p-aspartate (NMDA) 
receptor-dependent burst-firing in LHb neu- 
rons play a key role in the development of 
depression (28, 30). We found that MRR 


vGluT2 neurons established NMDA receptor- 
containing excitatory glutamatergic synapses 
on LHb neurons (Fig. 2C). In the LHb, as- 
troglia cooperate with excitation to regulate 
neuronal bursting and depression-like symp- 
toms (28). These glial processes enwrapped 
most synapses of MRR vGluT2 terminals in 
the LHb (Fig. 2, B, E, and F). 

To test the physiological effect of MRR 
vGluT2 neurons on the activity of the LHb 
neurons, we selectively activated MRR vGluT2 
fibers in the LHb in vitro using channelrho- 
dopsin 2 (ChR2)-containing Cre-dependent 
AAV5-ChR2-eYFP in optogenetic experiments 
(Fig. 3A). Light stimulation of ChR2-containing 
MRR vGluT2-positive fibers reliably evoked 
glutamatergic excitatory postsynaptic currents 
(EPSCs) in voltage-clamped neurons of the 
LHb (Fig. 3B and fig. $4, A and B), which 


Fig. 2. MRR vGluT2 neurons establish glia-enwrapped glutamatergic 
synapses on LHb neurons. (A) AAV2/5-EFla-DIO-eYFP was injected into the 
MRR of vGluT2-Cre mice. (B) Scanning electron micrographs represent different 
types of synaptic contacts established by eYFP-positive MRR terminals (immunogold 
labeling, black spheres) on different subcellular compartments of LHb neurons. 
Arrows indicate synaptic edges. D, dendrite; DS, dendritic spine; N, nucleus; S, soma; 
SS, somatic spine. Scale bar: 500 nm. (C) AAV-eYFP positive terminals [serial 
sections of immunoperoxidase labeling, dark 3,3' diaminobenzidine (DAB) precipi- 
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tate] establish synapses on LHb neurons that contain the GluN2A (top two images) 
or GluN1 (bottom two images) NMDA-receptor subunits (immunogold particles 
indicated with arrowheads). Scale bar: 300 nm. (D) MRR vGluT2 terminals establish 
more than one synapse on LHb neurons (from two mice). (E) 3D reconstruction 
of MRR vGluT2 fibers (green) shows their synapses with different membrane 
domains of LHb neurons. Inset shows the abundant glial coverage around MRR 
vGluT2 terminals (blue). (F) Schematic illustration of the proportion of MRR vGluT2 
synapses on different membrane domains of LHb neurons (from two mice). 
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Fig. 3. Fibers of MRR vGluT2 neurons evoke burst firing in LHb neurons. 
(A) AAV2/5-EFla-DIO-ChR2-eYFP was injected into the MRR of vGluT2-Cre 
mice (n = 3). Six weeks later, 300-um-thick horizontal in vitro slices were 
prepared from the LHb. Neurons in the LHb were whole-cell patch clamped in 
voltage-clamp mode (see supplementary methods). (B) Light stimulations 

of MRR vGluT2 fibers evoked EPSCs in LHb neurons. The average responses to 
2-ms light pulses are shown above individual gray traces. Responses are 
strong in control conditions (black); they were completely abolished (red trace) 
by 20-uM NBQX (AMPA/kainite receptor antagonists) and 50-uM AP5 

(NMDA antagonist) and partially recovered after washout (teal). Scale bars: 
200 ms, 200 pA. (C) Cells displayed short-term depression of EPSC amplitudes 
at all stimulation frequencies (averages from 10 cells). (D) EPSC amplitude 


and latency distributions from all 11 recorded neurons (in gray). Excitatory 
postsynaptic potentials were sensitive to glutamatergic antagonists in 

7 out of 7 tested cells (red) and partially recovered after washout (teal). 

(E) Traces show representative current-clamped (/ = 0) LHb neurons displaying 
spontaneous (asterisks) and light-evoked (pale blue lines, 5 pulses at 20 Hz) 
bursts. Ten consecutive stimulations are shown. Both spontaneous and 
light-evoked bursts were abolished by application of NBQX and AP5 (traces 
on the right). Scale bars: 1s, 20 mV. (F) Peristimulus time histogram shows 
action potential distributions upon light stimuli (n = 4 cells). (G@) A 
representative, recorded LHb cell (biocytin labeling, red) receives Homer-1- 
positive (white) synaptic contacts (white arrowheads) from eYFP-positive 
MRR fibers (green). Scale bar: 5 um. 


received MRR vGluT2 terminals (Fig. 3G). 
These EPSCs showed strong short-term de- 
pression and were abolished by the simultaneous 
blockade of o-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA)- and NMDA- 
type glutamate receptors (Fig. 3, B to D). After 
activating ChR2-expressing vGluT2-positive 
MRR terminals in the LHb, we frequently ob- 
served the induction of burst-firing in LHb 
neurons (Fig. 3, E and F), whereas some 
spontaneous burst-firing was also present in 
these neurons. Bursting disappeared after the 
combined blockade of AMPA- and NMDA- 
type glutamate receptors (Fig. 3E). 


MRR vGluT2 neurons are selectively activated 
by aversive stimuli in vivo 


We explored the in vivo response of identified 
MRR vGluT2 neurons to aversive and reward- 
ing stimuli. We used a combination of multi- 
channel recording and optogenetic tagging in 
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the MRR of Cre-dependent, AAV-ChR2-eYFP- 
injected vGluT2-Cre mice. Awake mice were 
head-fixed on top of an air-supported spheri- 
cal treadmill, while multiple single units were 
simultaneously recorded from the MRR using 
a multichannel silicone probe. Light pulses 
that were used to tag vGluT2 neurons were 
delivered through an optic fiber positioned 
above the MRR (Fig. 4, A and B). Tagged neu- 
rons reliably responded to brief blue laser light 
pulses with short latency and small jitter (Fig. 
4C). A large set of optogenetically identified 
vGluT2-positive MRR neurons were robustly 
activated by strongly aversive air puffs (Fig. 4, 
D to F). By contrast, MRR vGluT2 neurons 
were practically never affected by rewarding 
stimuli (water drops) (Fig. 4, D to F). Mildly 
aversive light-emitting diode (LED) flashes 
triggered a slight, transient elevation of activity 
in a small subgroup of vGluT2-positive MRR 
neurons, partially overlapping with the air-puff 
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activated group (fig. S4, G and H), but this effect 
was significantly lower than that of air-puff 
stimulation (Fig. 4, D to F). 


Optogenetic activation of MRR vGluT2 
neurons causes strongly aversive behavior 


The rapid, adverse experience-specific in vivo 
activity of MRR vGluT2 neurons suggests that 
they specifically process negative experience. 
To light-activate MRR vGluT2 neurons se- 
lectively in vivo, we injected ChR2-containing 
Cre-dependent AAV5-ChR2-eYFP into the MRR 
of vGluT2-Cre mice (“ChR2 mice”). Control 
mice were injected with a control virus that 
expressed no ChR2 (“CTRL mice”). Then, we 
implanted an optic fiber over the MRR (sup- 
plementary materials, Fig. 5A, and fig. S5). 
After handling, mice were placed in a chamber 
containing two different areas with different 
visual cues (Fig. 5A). In the habituation ses- 
sion, mice did not show a preference for one 
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Fig. 4. In vivo, MRR vGluT2 neurons selectively respond to aversive stimuli. (A) AAV2/5-EFla-DIO- 
ChR2-eYFP was injected into the MRR of vGluT2-Cre mice. A silicone probe was inserted into and an 
optical fiber was placed above the MRR. Mice were head-fixed on top of an air-supported spherical treadmill, 


and strongly aversive (air puff), mildly aversive (LED flash), and rewarding (water drops) stimuli were 
andomly presented to the awake animals (eight mice). (B) A representative image of virus expression 
(green) and the position of the implanted optic fiber (blue) and silicone probe (red Dil labeling) in the 

RR of a vGluT2-Cre mouse. Scale bar: 200 um. (C) A raster plot and a peristimulus time histogram, 
corresponding to an optogenetically tagged vGluT2 neuron in the MRR, shows short latency, high success 
ate, and low jitter of the responses. The blue square indicates the light pulse. (D) A representative 

RR vGluT2 neuron was robustly activated by an aversive air puff, was only weakly activated by a slightly 
aversive LED stimulus, and showed no response to water reward. (E) Top matrices show the reaction 

of individual MRR vGluT2 neurons to different stimuli (each row is one neuron’s z-scored peristimulus time 
histogram), sorted by descending response magnitudes. Bottom plots show average response across all 


tagged units (from eight animals, mean + SEM). (F) Paired plots of cells [same as those displayed in 
(E)] show the baseline versus stimulus-evoked firing activity of MRR vGluT2 neurons (gray, individual 
tagged neurons; black, mean + SEM). Air puffs evoked significantly larger responses than did LED flashes. 


Reward induced no significant population response. 


area over the other (fig. S6, A and B). Twenty- 
four hours later, mice were returned to the 
same chamber and received optogenetic stim- 
ulation (25 Hz) only in one area of the chamber 
(area selection was systematically random). 
ChR2 mice, but not CTRL mice, showed a 
powerful and immediate real-time place aver- 
sion to the stimulation-linked area (Fig. 5, A 
and B, and fig. S6, A and B). The following 
day, previously stimulated ChR2 mice, but 
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not CTRL mice, showed a strong conditioned 
aversion to the area that was previously linked 
to stimulation (Fig. 5, A and B, and fig. S6, 
A and B). 

We investigated whether the activity of 
MRR vGluT2 neurons is powerful enough to 
counteract the strongly positive expecta- 
tion of a motivated, food-seeking animal. The 
above-mentioned ChR2 and CTRL mice were 
food-restricted and trained for 10 days in an 
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operant conditioning task to nose-poke for 
food rewards (Fig. 5C and supplementary 
materials). On the last day of their training, 
both groups of mice reached a plateau in 
the total number of nose-pokes during the 
30-min-long operant conditioning session 
(Fig. 5C). Twenty-four hours later, mice re- 
ceived blue laser stimulation that started 
after each rewarded nose-poke during the 
entire 30-min-long session. ChR2 mice, but 
not CTRL mice, poked significantly less for 
reward pellets during the day of the stimula- 
tion experiment compared with the frequen- 
cy of poking on the last day of their training 
(Fig. 5, D and E). 

We also tested whether the activation of 
these cells can induce passive coping. We 
performed an optogenetic contextual fear 
conditioning experiment with the same co- 
hort of mice that participated in the op- 
erant conditioning task (fig. S6C). Mice were 
allowed 3 days to rest and regain their orig- 
inal weight, and on the 25th day they were 
placed in a novel environment, where they 
received 15-s-long laser stimulation 10 times. 
Twenty-four hours later, mice were tested in 
the same environment. Neither ChR2 mice 
nor CTRL mice showed any sign of freezing 
behavior during light stimulation or 24 hours 
later in the same environment (fig. S6C). 


Activation of MRR vGluT2 neurons induces 
aggression and depressive symptoms 


Neuronal activity in the LHb is related to 
aggressive behavior (31). Therefore, we inves- 
tigated whether activation of MRR vGluT2 
neurons induces the prediction of negative 
experience in a social context and whether 
it promotes an aggressive behavior in mice 
during these social interactions. We used a 
DREADD (designer receptors exclusively ac- 
tivated by designer drugs)-containing AAV- 
based chemogenetic tool that expresses mutant 
receptors that activates cells upon binding 
to clozapine-N-oxide (CNO). We injected either 
Cre-dependent excitatory DREADD virus AAV8- 
h3MDq-mCherry (“hM3Dq mice”) or Cre- 
dependent AAV8-mCherry virus (“CTRL mice”) 
into the MRR of vGluT2-Cre mice. Then, both 
hM3Dq and CTRL mice received intraperi- 
toneal injections of CNO (Fig. 6A and sup- 
plementary materials) and performed two 
behavioral tests. In the social interaction test, 
mice were placed in a novel environment 
30 min after CNO injections, together with an 
unfamiliar mouse. CTRL mice showed mostly 
prosocial behavior toward the conspecific (Fig. 
6B). In contrast, hM3Dq mice became highly 
aggressive (Fig. 6B and fig. S4, C to F). Five 
days later, we carried out a resident-intruder 
test. Thirty minutes after CNO injections, a 
subordinate intruder mouse was placed into 
the home cage of the CTRL or hM3Dq mice. 
Again, hM3Dq mice became highly aggressive 
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Fig. 5. MRR vGluT2 neurons induce active avoidance of negative experi- 


ence. (A) After injecting ChR2-containing AAV2/5-EFla-D 


O-ChR2-eYFP (“ChR2 


mice”) or control (only eYFP-containing) Cre-dependent AAV5 (“CTRL mice”) 
into the MRR of vGluT2-Cre mice, we implanted an optic fiber over the MRR. 
Image represents an injection site in MRR and the position of the optic fiber 
(blue). Scale bar: 500 um. Four weeks later, mice were habituated to a chamber 


with two areas. On day 7, mice received 25-Hz light illumination in one of the 
areas of the chamber. ChR2 mice showed immediate, significant real-time place 
aversion (RTPA) of the stimulated area. On day 8, no light was presented, but 
ChR2 mice displayed a significant conditioned place aversion (CPA), suggesting 


that the activity of MRR vGluT2 neurons can directly induce real-time and learned 
active contextual avoidance (see also fig. S6A). (B) RTPA and CPA tests show 
significant effects (medians and interquartile ranges). (C) Between days 9 

and 21, mice were food-restricted and learned to nose-poke for reward pellets. 
On day 22, mice received 5-s 25-Hz light stimulation on nose-pokes. Compared 
with base performance (on day 21), ChR2 mice performed significantly fewer 
nose-pokes when nose-pokes were paired with laser stimulation (on day 22). 
(D) The total number of nose-pokes for rewards during the base and stimulation 
performance in the operant conditioning task. (E) Nose-poke ratios of 
stimulation/base performance in the operant conditioning task (mean and SD). 


toward the intruder (Fig. 6C and fig. S4, C to 
F). In a separate experiment, chemogenetic 
activation of AAV8-h3MDq-expressing MRR 
vGluT2 neurons by CNO injections also in- 
duced significantly higher motor activities in 
a Y-maze compared with CTRL mice (fig. S41). 

Aggressive behavior frequently accompa- 
nies the depressive state (32-34), which is also 
promoted by chronic overactivation and burst- 
firing of LHb neurons (28-31, 35). Using the 
above-mentioned types of CTRL and hM3Dq 
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mice, we tested whether chronic activation of 
MRR vGluT2 neurons promoted depression- 
like symptoms. Mice received intraperitoneal 
injections of the DREADD-agonist CNO three 
times a week for 3 weeks (Fig. 6A and supple- 
mentary materials). On day 19, mice were tested 
in a sucrose preference test, which can detect 
anhedonia, a classic symptom of depression 
(36). CTRL mice preferred the 1% sucrose so- 
lution over water significantly more than hM3Dq 
mice did (Fig. 6D). The postmortem weight of 
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the adrenal glands of hM3Dq mice was signif- 
icantly higher than that of CTRL mice (fig. S4J). 


MRR vGluT2 neurons activate memory 
acquisition-promoting MS/VDB neurons 


Fast and effective processing of negative ex- 
perience requires the immediate induction 
of memory acquisition, which necessitates 
a rapid change in the state of the MS/VDB- 
hippocampal system (37). After AAV5-eYFP 
labeling of MRR vGluT2 neurons, we observed 
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Fig. 6. Chronic overactivation of MRR vGluT2 neurons induces aggression and 
anhedonia. (A) AAV2/8-hSyn-DIO-hM3D(Gq)-mCherry or control AAV2/8-hSyn- 
DlO-mCherry was injected into the MRR of vGluT2-Cre mice (14 CTRL mice 
and 8 hM3Dq mice). All mice received hM3Dq-agonist clozapine-N-oxide (CNO, 
1 mg 10 ml kg" intraperitoneally, 30 min before testing). Image represents a 
DAB-labeled injection site in the MRR. Scale bar: 500 um. (B and C) Social interaction 
(B) and resident-intruder (C) tests. Percentage of time spent with aggressive 


an abundant axonal labeling in the MS/VDB 
(Fig. 7, A and B). MRR vGluT2 neurons estab- 
lished NMDA receptor-containing excitatory 
synapses selectively with parvalbumin (PV)- 
positive GABAergic cells in the MS/VDB (Fig. 7, 
A to E; fig. SIK; and supplementary text). Using 
hippocampal injections of the retrograde tracer 
FluoroGold, in combination with AAV5-mCherry, 
into the MRR of vGluT2-Cre mice, we found 
that MRR vGluT2 neurons directly innervate 
hippocampus-projecting PV neurons in MS/ 
VDB (Fig. 7, F to H). These PV neurons are the 
pacemakers of memory acquisition-promoting 
hippocampal theta rhythm (38, 39). 

The theta-rhythmic activity of LHb neurons 
and the hippocampal network are phase-locked, 
and their concerted activity is necessary for 
proper memory formation (8, 14). Therefore, 
we investigated whether individual axons of 
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MRR vGluT2 neurons bifurcate and target 
both areas. We performed double retrograde 
tracing by injecting CTB into the LHb and 
FluoroGold into the MS/VDB of vGluT2-Cre 
mice, and we labeled vGluT2-positive MRR 
cells with AAV5-mCherry (Fig. 7, I and J). At 
least 61% of MRR vGluT2 neurons retrogradely 
labeled from the MS/VDB were retrogradely 
labeled from the LHb as well (Fig. 7K). 

We also investigated the effect of activation 
of MRR vGluT2 neurons on hippocampal net- 
work activity in vivo. Using AAV5-ChR2-eYFP, 
we expressed ChR2 in MRR vGluT2 neurons 
and implanted an optic fiber over the MRR and 
a Buzsaki probe into the dorsal CAI (Fig. 8A). 
Ten-second-long stimulation of MRR vGluT2 
neurons by a 25-Hz light train triggered some 
movement (possibly related to the above- 
mentioned active avoidance of the stimuli) 
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cree [hMabq 
pn=aa | n=6 | 


ity index are shown at the bottom. Chemogenetic 
neurons led to highly aggressive behavior, suggesting the 


induction of active coping with a perceived strongly negative experience. (D) Testing 
anhedonia in a sucrose preference test (see supplementary methods for details). 
Chronic stimulation of MRR vGluT2 neurons in hM3Dq mice led to a significant 
difference in sucrose preference compared to CTRL mice, suggesting the induction of 


ia. Graphs show medians and 25%-75% quartiles. 


and it triggered hippocampal theta oscilla- 
tions (Fig. 8, B to D) known to facilitate the 
formation of memories. 


MRR vGluT2 neurons are necessary for fear 
memory acquisition 

MRR vGluT2 neurons are specifically excited 
by negative experience, which they relay to 
aversion centers and to the septohippocampal 
system, likely promoting memory encoding. 
We injected Cre-dependent Archaerhodopsin 
T-3 (ArchT 3.0)-containing AAV5-ArchT-GFP 
(ArchT mice) or control Cre-dependent AAV5- 
eYFP (CTRL mice) into the MRR of vGluT2-Cre 
mice and implanted an optic fiber over the 
MRR (Fig. 8E and fig. $5). After handling, mice 
were tested in a delay cued fear conditioning 
paradigm. First, we placed mice into a novel 
environment “A,” where they received three 
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Fig. 7. MRR vGluT2 neurons selectively innervate PV-positive MS/VDB 
neurons. (A) AAV2/5-EFla-DIO-eYFP was injected into the MRR of vGluT2-Cre 
mice (n = 3). (B) MRR vGluT2 neuronal fibers innervate the MS/VDB. Scale bar: 
200 um. (C) A representative MS/VDB PV-positive neuron (red) is innervated 
by basket-like multiple synapses of vGluT2-positive 


establishing Homer 1-positive (white) synaptic con 
Scale bar: 10 um. (D and E) Electron microscopic i 
synapses of vGluT2-positive MRR terminals (dark 
dendrite (false red colored, DAB-Ni precipitate) in 


contacts (at least 12 synapses were reconstructed; 
Synapses contained GluN2A subunit of the NMDA receptors (immunogold 


RR fibers (green), 

tacts (white arrowheads). 
mages show serial sections of 
SI-DAB). (D) PV-positive 

the VDB received synaptic 
black arrowheads). (E) 


FG-positive (green) septohi 


hippocampi of vGluT2-Cre mice (n = 2). (G) Representative injection sites in 
the hippocampus [green FluoroGold (FG) labeling] and MRR (red AAV-mCherry). 
Scale bars: 200 um. (H) AAV-mCherry containing vGluT2-positive MRR 
terminals (red) establish several putative contacts (white arrowheads) with a 


ppocampal PV-positive (blue) neuron. Scale bar: 


10 um. (1) Double retrograde tracing was performed by injecting FG into the 


MS/VDB and CTB into the 
injected into the MRR to vi 


LHb, bilaterally, and AAV2/5-EFla-DlO-mCherry was 
ally label vGluT2-positive neurons in vGluT2-Cre 


mice (n = 2). (J) Representative injection sites in the MS/VDB (FG labeling) and 


in the LHb (CTB labeling). 


labeling, black arrowheads) postsynaptically. Scale bar: 300 nm. (F) AAV2/ 
5-EFla-DlO-mCherry was injected into the MRR and F' 


auditory tones, at the end of which they re- 
ceived foot shocks and light illuminations. 
Light delivery was precisely aligned to foot 
shocks (Fig. 8E). All mice displayed equally 
strong immediate reactions to foot shocks. 
In the tests that followed, mice received no 
light illumination. Twenty-four hours later, 
mice were placed into the same environ- 
ment “A” to test their contextual memories. 
CTRL mice expressed strong contextual freez- 
ing behavior, whereas ArchT mice showed 
almost no freezing behavior (Fig. 8E). The 
next day, we placed mice into a different, neu- 
tral environment (environment “B”), where 
ArchT mice showed significantly lower gen- 
eralized fear compared with CTRL mice (Fig. 
8E). Then, in the same neutral environment, 
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uoroGold into the bilateral 


we presented mice with an auditory cue. CTRL 
mice showed very high levels of freezing. In 
contrast, light-inhibited ArchT mice showed 
significantly diminished freezing, indicating 
impaired fear memory formation (Fig. 8E). 
Even after cue presentation was completed, the 
difference between the fear levels of ArchT and 
CTRL mice remained significant (fig. S6D). 


MRR vGluT2 neurons serve as a key hub for 
the acquisition of negative experience 


Animals must recognize adverse events quickly 
and decide whether to fight or flee, while at 
the same time efficiently learning the context 
of that event so that they can predict it in the 
future. The LHb and mVTA are activated 


during the acquisition of negative experience 
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Scale bars: 200 um. (K) MRR vGluT2 neurons (red) 


contain both FG (green) and CTB retrograde labeling (blue), which shows 
that bifurcating axons of these neurons simultaneously target both the MS/VDB 


and LHb. Scale bar: 20 um. 


(7, 23, 24, 40), which initiates the encoding 
of “negative reward prediction errors” and 
aversion in these nuclei (5, 47). Activation of 
mVTA DA neurons is also aversive (23, 42), 
whereas the activity of lateral VTA neurons 
plays a role in positive reinforcement. The 
LHb contains nearly exclusively glutamatergic 
neurons, which encode aversive behavior and 
activate DA neurons of the mVTA (23-25, 43). 
LHb activity also indirectly inhibits encoding 
of positive reinforcement in the lateral VTA 
(23, 44). These processes fine-tune future 
strategies in similar situations (5, 41, 45-48). 
The LHb and mVTA convey information re- 
lated to negative predictions and learn to 
respond to cues that predict aversive stimuli 
(3, 42, 49-53). 
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Fig. 8. MRR vGluT2 neurons promote hippocampal theta rhythm and are 
necessary for fear memory formation. (A) AAV2/5-EFlo-DIO-ChR2-eYFP was 
injected into the MRR of vGluT2-Cre mice. An optical fiber was inserted into the 
MRR and a silicone probe was implanted into the hippocampal CA1 region to 
measure concurrent hippocampal network activity (n = 7 mice). Mice were head- 
fixed on top of an air-supported spherical treadmill and their behavior was 
monitored. (B) Running speed (bottom), local field potential (LFP) recordings 
from the pyramidal layer of the dorsal hippocampal CA1 region (middle), and 
corresponding wavelet spectrogram (top). Vertical dashed line indicates the 
onset of laser stimulation, which rapidly induced a switch to theta oscillation. 
(C) Average running speed (mean + SEM) (bottom) and corresponding averaged 
wavelet spectrogram (seven mice) (top). Vertical dashed lines highlight the MRR 
laser illumination period. (D) Paired plots indicating movement speed (left) and 
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theta/delta ratios (right) during baseline (10-s window before laser onset) versus 
stimulation (10-s window after laser onset) periods (gray, individual animals; black, 
mean + SEM). (E) Design of cued fear conditioning experiments with optogenetic 
inhibition of MRR vGluT2 neurons. Fluorescent image represents one of the injection 
sites to label MRR vGluT2 neurons, and the orange area represents the position of 
the optic fiber. Scale bar: 500 um. After handling, light illumination of MRR was 
switched on precisely during foot shocks that mice received at the end of the 
auditory cue presentation on day 6. On days 7 and 8, mice received no more light. 
On day 7, contextual freezing behavior in ArchT mice in the same environment 
was almost completely diminished (below the 5% threshold) compared with CTRL 
mice, which received virus without ArchT. On day 8, ArchT mice showed 
significantly less generalized fear and cued fear in a novel environment compared 
with CTRL mice. Medians and interquartile ranges are shown on the graphs. 


Meanwhile, the MS/VDB-hippocampal sys- 
tem must also be switched into the state op- 
timal for memory acquisition to record the 
context of such events (8, 14). These processes 
are also necessary for the prediction and pre- 
vention of negative experience in the fu- 
ture. Yet it was not clear which neuronal 
pathway orchestrates the coordinated acti- 
vation of these networks. Although the MRR 
was known to play a central role in pro- 
cessing negative experience (13, 15), its known 
cell types did not project to the LHb, and the 
transmitter phenotypes and targets of almost 
25% of the MRR neurons were not even 
known (22). 
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We discovered that these previously unrecog- 
nized vGluT2-positive MRR neurons project 
heavily into the LHb, mVTA, and MS/VDB 
(fig. S7). They are the largest population of 
projection neurons from the MRR, are gluta- 
matergic, and do not express 5-HT, vGluT3, or 
vGAT. We detected an extensive convergence 
of monosynaptic inputs to MRR vGluT2 neu- 
rons from several environmental experience- 
related brain centers (fig. S7) (7, 40, 54). MRR 
vGluT2 neurons predominantly innervate 
the medial (limbic) division of the LHb that 
projects to the MRR and mVTA, but they 
mostly avoid lateral (pallidal) division of the 
LHb that receives a different set of inputs 


29 November 2019 


(25, 51, 55, 56). MRR vGluT2 neurons directly 
innervate MRR- or mVTA-projecting LHb 
cells, creating a direct feedback in the MRR- 
LHb-mVTA axis. 

Our in vivo physiological measurements 
confirmed the central and specific role of 
MRR vGluT2 neurons in the formation of 
negative experience. MRR vGluT2 neurons 
were strongly and specifically activated by 
strong aversive stimuli, mildly activated by 
weak aversive stimuli, and unaffected by re- 
warding stimuli. This suggests that these neu- 
rons are primarily responsible and necessary 
for relaying negative experience in the brain- 
stem. Indeed, specific optogenetic inhibition 
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of these neurons precisely during the presen- 
tation of adverse stimuli eliminated or sig- 
nificantly decreased hippocampus-dependent 
contextual or hippocampus-independent cued 
fear memories, respectively. These data showed 
that this neural hub is essential for processing 
negative experience. 

The elevation of excitatory transmission in 
the LHb and the stimulation of the mVTA 
have similar effects (23, 46, 57, 58). MRR 
vGluT2 neurons heavily project to the LHb 
and also selectively innervate mVTA DA neu- 
rons (but do not innervate neurons in lateral 
VTA that are mostly reward-related), suggest- 
ing that they can effectively activate negative 
prediction centers. Indeed, their optogenetic 
activation triggered immediate behavioral 
changes by inducing acute place aversion. 
The adverse event was effectively memorized 
because it induced conditioned place aver- 
sion. Furthermore, the selective activation 
of MRR vGluT2 neurons could negate an 
otherwise strongly rewarding behavior in 
an operant conditioning task. The activa- 
tion of MRR vGluT2 neurons did not induce 
passive freezing behavior directly; instead, 
MRR vGluT2 neurons seem to be involved in 
active responses to negative experience, and 
therefore they induce avoidance or flight-or- 
fight behavior. 

Depression is thought to be a result of a 
learning mechanism based on chronically 
sustained negative experiences (59, 60). Glu- 
tamatergic synapses on LHb neurons show 
long-term plasticity mechanisms, and LHb 
neurons can learn to respond to cues pre- 
ceding aversive events (28, 29, 50, 61). The 
chronic elevation of glutamatergic transmis- 
sion in the LHb causes depressive disorder 
through the promotion of burst-firing of LHb 
neurons, which is also regulated by adjacent 
glial cell coverage (28-30, 50, 62, 63). MRR 
vGluT2 neurons massively innervate LHb 
neurons with different types of NMDA receptor- 
containing excitatory contacts that are most- 
ly covered by glial processes on LHb neurons. 
They can also evoke burst-firing of LHb neu- 
rons. We revealed an abundant reciprocal ex- 
citatory connection between vGluT2-positive 
glutamatergic neurons of the LHb and MRR 
that may result in a reverberation and may 
support pathological learning and excessive 
activation of LHb neurons if the loop is not 
controlled effectively. To mimic a chronically 
maladapted circuitry, we chemogenetically 
induced chronic overactivation of vGluT2- 
positive MRR neurons and it caused anhedo- 
nia in the sucrose-preference test, which is a 
typical sign of depressive disorder in mice. 

Aggression is another well-known symp- 
tom of depression in mice and humans (32-34), 
and both the LHb and MS/VDB play a role 
in the emotional processing of aggressive be- 
havior (31). The activation of MRR vGluT2 
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neurons also promoted aggressive behavior. 
Aggression is commonly associated with agi- 
tation, the most distinguishing features of 
which include restlessness, pacing, and motor 
activities. We observed elevated locomotor 
activity and exploration in chemogenetically 
stimulated mice, which together suggest that 
activation of vGluT2-positive MRR neurons 
promotes agitation and active aversive behav- 
iors (flight-or-fight responses) in neutral or 
social situations. 

MRR has a complex effect on MS/VDB- 
hippocampal activity and the formation of 
contextual fear memories, although its mech- 
anism is not well understood (9, 11). In vivo 
optogenetic activation of MRR promoted 
memory acquisition-related theta rhythm 
through a mechanism conveyed by a non- 
serotonergic and non-GABAergic MRR cell 
population (73). Activation of pacemaker PV- 
positive MS/VDB neurons is essential for the 
generation of hippocampal theta rhythm and 
proper episodic memory formation (38, 39, 64). 
PV-positive MS/VDB neurons are innervated 
by glutamatergic cells of the MRR (J8, 65, 66), 
but the identity of those neurons was un- 
known. We discovered that MRR vGluT2 
neurons not only project to the LHb-mVTA 
aversion axis, but the axons of most of these 
MRR vGluT2-positive excitatory neurons bi- 
furcate and simultaneously innervate PV- 
positive neurons in the MS/VDB and can 
instantly and reliably promote hippocampal 
theta rhythm generation necessary for memory 
acquisition. MRR vGluT2 neurons increased 
theta rhythm-related exploratory behavior, 
while animals exhibited conditioned place 
aversion on the day after stimulation, sug- 
gesting the facilitation of strong memory 
formation. MRR vGluT2 neurons may also 
facilitate the phase-locking of theta rhythm 
in the LHb and the hippocampus. 

Our data revealed that the MRR vGluT2- 
positive neuronal population is a previously 
unrecognized neural hub of the brain that 
is both necessary and sufficient for the ac- 
quisition of negative experience, but which 
is not activated by positive rewarding ex- 
perience. MRR vGluT2 neurons receive ex- 
tensive convergence of inputs from sensory 
experience-related brain areas, their inhi- 
bition disrupts aversive memory formation, 
and their activation promotes agitated and 
aversive behavior and flight, which quickly 
negates motivated behavior. If flight is not 
an option during social interaction, MRR 
vGluT2 neurons provoke fight and aggression. 
MRR vGluT2 neurons also facilitate long-term 
memory formation related to negative expe- 
rience, and their chronic activation produces 
a depression-like phenotype, likely through 
inducing long-term bursting activity in LHb 
neurons (28, 30), which we showed in our 
in vitro experiments. Therefore, vGluT2-positive 
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MRR neurons control the acquisition of neg- 
ative experience by simultaneously trigger- 
ing the activity of brain aversion centers and 
hippocampal episodic memory encoding. Mal- 
adaptations in processing negative experience 
are the basis of several types of mood disorders, 
which have a huge social and economic impact 
on individuals and society. Selective targeting 
of this neural hub may form the basis of new 
therapies. 


Materials and methods summary 
Ethical considerations and mouse strains 


All experiments were performed in accord- 
ance with regulations. For details, see the 
supplementary methods section of the sup- 
plementary materials. We used male and female 
vGluT2-iRES-Cre, vGAT-iRES-Cre, BAC-vGluT3/ 
iCre, and TpH2/iCre-ERT2 mice and males 
C57B1/6 wild-type mice. We used adult (at least 
6-week-old) mice. 


Viral gene transfer, retrograde 
and mono-transsynaptic rabies tracing, 
and optic fiber implantations 


Mice were anesthetized and mounted in an 
animal stereotaxic frame. A microinjector pump 
was used for injections. For anterograde tracing, 
optogenetic and chemogenetic experiments, 
we injected different amounts of viruses into 
the target brain areas. For retrograde tracing 
experiments, we injected FluoroGold or chol- 
eratoxin B subunit into the target areas. For 
behavioral experiments, 4 to 6 weeks after 
virus injections, optic fibers were implanted 
over the MRR. Positions of the optic fibers are 
illustrated in fig. S5. See (26) for a detailed 
description of the monosynaptic rabies tracing 
technique used. 


Perfusions 


Mice were anesthetized and were perfused 
transcardially with different solutions, de- 
pending on the experiments. After perfusions, 
brains were cut into 30-um-thick sections 
using a sliding microtome or into 50-, 60-, or 
100-um-thick sections using a vibratome. 


Immunohistochemistry and antibodies 


Generally, perfusion-fixed sections were cryo- 
protected, and after antigen retrieval they 
were incubated in a blocking medium, and 
sections were incubated in a mixture of pri- 
mary antibodies. This was followed by ex- 
tensive washes and incubation in the mixture 
of appropriate secondary antibodies. Then, 
sections were placed on slides and covered 
with mounting medium. Fluorescent immuno- 
histochemistry for laser-scanning confocal 
microscopy, immunoperoxidase labeling for 
localization of virus injections, immunogold- 
immunoperoxidase double labeling for elec- 
tron microscopy, silver-gold intensified and 
nickel-intensified immunoperoxidase double 
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labeling, and sample preparation for 3D 
block-face scanning electron microscopy 
required different procedures, which are 
described in detail in the supplementary 
methods. 

The list and specifications of the primary 
and secondary antibodies used can be found 
in tables S1 and S2. Combinations of the 
used primary and secondary antibodies in 
the different experiments are listed in tables 
S3 and S4. 


Block-face scanning electron microscopy 
and image analysis 


We used an FEI Apreo VolumeScope. Images 
in the z-stacks measured 16,384 pixels x 
16,383 pixels with 70 nm thickness, and the 
final z-stacks contained 300 slices. Voxel size 
was 4nm x 4nm x 70 nm. All image post- 
processing was done in FIJI ImageJ. Seg- 
mentation was performed manually. Data 
were analyzed using Tibco Statistica 13.4. 
After segmentation, the models were ex- 
ported in .obj format and imported into 
Blender (Blender Foundation, Amsterdam, 
the Netherlands) for further investigation 
and visualization. 


Stereology measurements 


Unbiased design-based stereological measure- 
ments were carried out using the optical frac- 
tionator method. Cell counting was carried 
out in Stereo Investigator 10.0 stereology 
software, while cells were identified parallel 
using NIS Elements AR 4.3 software. 


In vitro electrophysiological experiments 


In all slice experiments, mice were decapi- 
tated under deep isoflurane anesthesia. The 
brain was removed, and coronal slices of 
300 um thickness were cut using a vibratome. 
Slices were placed into an interface-type hold- 
ing chamber, and cells were recorded. Drugs 
were administered from stock solutions via 
pipettes into the ACSF-containing superfusion 
system. All data were processed and analyzed 
off-line using standard built-in functions of 
Python 2.7.0. Latency was defined as a time 
between light stimulus onset and time of 
reaching 10% of maximal EPSC amplitude. 
Throughout this article, for in vitro electro- 
physiology data, we used median, first, and 
third quartiles for the description of data 
groups because they did not show Gaussian 
distribution. 


In vivo electrophysiological recordings 
in head-fixed mice 


Animals were anesthetized and mounted in 
a stereotaxic frame. After surgery, mice were 
continuously monitored. After a recovery pe- 
riod of 3 to 7 days, mice were water-restricted 
and habituated for 10 to 14 days to the spheri- 
cal treadmill setup with their head fixed. Ani- 
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mal weight was monitored, and when a mouse 
reached 85% of the initially measured baseline 
weight, the daily volume of water supplement 
was individually adjusted in order to maintain 
this 85% target weight. Habituation is de- 
scribed in the supplementary methods. On the 
day of the experiment, the animal was head- 
fixed above the air-supported spherical tread- 
mill. Hippocampal and median raphe silicone 
probes were lowered through the cranial win- 
dow. Ground electrode was placed above the 
cerebellum. Electrophysiological recordings 
were performed by a signal multiplexing head- 
stage. At the end of each recording session, 
brief laser pulses were applied for offline 
identification of responsive units. Units (i.e., 
neurons) were categorized as “tagged” if their 
firing followed the laser pulse with short la- 
tency (within 4 ms) and >50% success rate. 
The mean baseline firing rate values and 
standard deviations were calculated from a 
4-s time window preceding stimulus onset. A 
change in firing rate was declared significant if 
it deviated more than 2 standard deviations 
from the mean baseline value (z-score larger 
than 2 or smaller than —2) in a 200-ms time 
window after stimulus onset. Both responsive 
neurons (which increased their firing fre- 
quency) and nonresponsive neurons distributed 
across animals. All statistical analyses were 
performed with standard Igor Pro 8 functions. 


Optogenetic behavioral experiments 


After optic fiber implantations, mice were 
transferred to the animal room of the behav- 
ioral unit of the institute to rest and then 
received 5 days of handling. We carried out 
real-time place-aversion tests (RTPA), con- 
ditioned place-aversion tests (CPA), operant 
conditioning tests, optogenetic contextual fear 
conditioning tests (Opto-CFC), and delayed 
cued-fear conditioning tests (CuedFC). The ex- 
perimenters evaluating behavioral experiments 
were blind to the conditions and treatment of 
the mice. Experimental data were collected 
and analyzed using the Noldus EthoVision 
13.0 and Tibco Statistica 13.4 software. 


Behavioral test battery 
for chemogenetic experiments 


We carried out a series of behavioral tests 
with mice that were injected either with the 
hM3Dq-containing virus [that expressed a 
clozapine-N-oxide (CNO)-sensitive, excitatory 
G protein-coupled receptor plus a fluorescent 
protein] or with a control virus (that expressed 
only a fluorescent protein). Mice were allowed 
48 to 72 hours of rest between tests. To ac- 
tivate the hM3Dq virus, CNO (1 mg/kg in 10 ml 
saline, Tocris) was injected intraperitoneally 
30 min before each behavioral test. Tests were 
video recorded and analyzed later by an ob- 
server blind to the treatment protocols. After 
this battery of behavioral tests, mice were 
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sacrificed, and their adrenal glands were re- 


moved and weighed. 
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manuscript or in the supplementary materials, and additi 
custom written codes for in vivo electrophysiological recordings are 


available online (67). 
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Tailored multifunctional micellar brushes via 
crystallization-driven growth from a surface 


Jiandong Cai+?:34, Chen Li?, Na Kong?, Yi Lu’, Geyu Lin?, Xinyan Wang’, Yuan Yao!, 
lan Manners”>**, Huibin Qiu??* 


The creation of nanostructures with precise chemistries on material surfaces is of importance in a wide 
variety of areas such as lithography, superhydrophobicity, and cell adhesion. We describe a platform for 
surface functionalization that involves the fabrication of cylindrical micellar brushes on a silicon wafer 
through seeded growth of crystallizable block copolymers at the termini of immobilized, surface-confined 
crystallite seeds. The density, length, and coronal chemistry of the micellar brushes can be precisely 

tuned, and post-growth decoration with nanoparticles enables applications in catalysis and antibacterial 
surface modification. The micellar brushes can also be grown on ultrathin two-dimensional materials 

such as graphene oxide nanosheets and further assembled into a membrane for the separation of oil-in- 


water emulsions and gold nanoparticles. 


variety of conventional methods, includ- 
ing physical techniques [e.g., spray-based 
methods (J) and spin-coating (2)] and 
chemical routes [e.g., electrochemical 
deposition (3) and heat treatment (4)], 
have been developed to endow material sur- 
faces with a wide range of targeted proper- 
ties. Surface-initiated polymer brushes (5-8), 
where one of the polymer chain ends is co- 
valently attached to a solid substrate, have 
emerged as a powerful and versatile approach 
to surface functionalization. The living charac- 
teristic of the covalent polymerizations used 
to create polymer brushes allows for tailoring 


Fig. 1. Seeded growth of hydrophobic PFS53-b- 
PDMS,3 micellar brushes on a silicon wafer. 


(A) Schematic illustration of the process, which involves 


the immobilization of PFS3¢-b-P2VPso2 seeds 
(Ly = 139 nm, Ly/L, = 1.04) on a silicon wafer via 


H-bonding (and probably also assisted by electrostatic 


interactions) followed by crystallization-driven 

epitaxial growth of PFSs3-b-PDMS,)g micellar brushes. 
(B to D) AFM height images of PFSs3-b-PDMS,ig 
micellar brushes of different densities formed under a 


constant unimer-to-seed mass ratio (1:1 in the feed) but 


different seed concentrations: (B) 0.125 mg/ml, (C) 


0.25 mg/ml, (D) 0.5 mg/ml. (E) Plot of the dependence 


of contact angle (CA) value on seed concentration. 
Insets are photographs of the water droplets on the 
micellar brush-coated silicon wafers prepared with 
seed concentrations of 0.025 mg/ml (left) and 
0.5 mg/ml (right). (F to H) AFM height images of 
PFSs3-b-PDMSajg micellar brushes formed at a 


constant seed concentration (0.5 mg/ml) but different 
amounts of unimers: (F) 2 ul, (G) 4 ul, (H) 6 ul. Insets in 


(B) and (H) are enlargements of the boxed areas. 
(I) Plot of the dependence of CA value on unimer 
amount. Error bars in (E) and (I) denote SD of the 
measured CA values (25 locations for each sample). 
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of the surface chemistry at the molecular level. 
However, the precise fabrication of patterned 
surfaces using building blocks on longer length 
scales represents a key challenge. 

Block copolymers (BCPs) with a short, crys- 
tallizable poly(ferrocenyldimethylsilane) (PFS) 
core-forming block tend to form cylindrical (or 
fiber-like) micelles with a crystalline PFS core 
in selective solvents for the complementary 
segment (9). The cylindrical micelle termini 
remain active to the addition of further added 
PFS BCP in the dissolved (unimer) state through 
an epitaxial growth process termed living 
crystallization-driven self-assembly (CDSA) 


A 


Silicon wafer 


PFS,,-b-P2VP,,,, 
micelle seeds 


Oy] 
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Seed-coated silicon wafer 


(10-14). Sonication of longer cylindrical mi- 
celles with a crystalline PFS core yields small 
seed micelles that function as initiators for 
living CDSA. Colloidally dispersed seeds have 
been used to prepare a variety of nanostruc- 
tures, including amphiphilic triblock co-micelles 
(0), concentric platelet micelles (15), and hi- 
erarchical assemblies on longer length scales 
(16). In addition, hybrid assemblies have been 
fabricated by preceding the living CDSA step 
by surface confinement of the seeds. This ap- 
proach has allowed the growth of fibers on 
seed-covered silica nanoparticles (77) and homo- 
polymer crystal-coated carbon nanotubes (8). 
We extend this technique to the functionaliza- 
tion of surfaces through the immobilization 
of short cylindrical micelle seeds of PFS BCPs 
on silicon wafers and other substrates, and 
the subsequent growth of cylindrical micelle 
brushes via in situ living CDSA. 

A silicon wafer was selected as a model 
material on which to immobilize the small seeds 
of PFS-b-P2VP [P2VP, poly(2-vinylpyridine)] 
on the basis of the high density of surface 
silanol groups, which should allow tenacious 
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attachment through hydrogen bonding (H- 
bonding) with the P2VP corona. Low-dispersity 
PFS36-0-P2VP502 (where the subscripts refer to 
the number-average degree of polymerization 
of each block) micelle seeds with L, = 139 nm 
[Ly/Ly = 1.04, where LZ, and Ly are the 
number- and weight-average lengths, respec- 
tively, determined by atomic force micros- 
copy (AFM)] prepared from the sonication of 
preformed long polydisperse cylinders (0) 
(fig. S1) were anchored to the silicon wafer 
via H-bonding (Fig. 1A). An AFM height image 
(fig. SID) showed that the PFS3¢6-b-P2VPsoo 
crystallite seeds were relatively evenly distrib- 
uted on the silicon surface. The seed-coated 
silicon wafer was then immersed in a mixture 
of isopropanol and hexane (1:1, v/v), and mo- 
lecularly dissolved PFS;3-b-PDMS.;3 (PDMS, 
polydimethylsiloxane) in the unimer state was 
added as a solution in tetrahydrofuran (THF). 
Unimers grew at the termini of the immobi- 
lized seeds and eventually formed a layer of 
nanoscopic brushes on the surface, as revealed 
by AFM (Fig. 1, B to D and F to H, and fig. $2). 
AFM analysis indicated that the micellar brushes 
were ~20 nm in diameter (Fig. 1B, inset) and 
had an extended fiber-like morphology with 
lengths of ~1 um. This indicated that the crys- 
talline seeds immobilized on the silicon wafer 
remained active and enabled the living growth. 
Control experiments demonstrated that the 
micellar brushes were almost entirely formed 
by seeded growth that initiated on the surface 
(figs. S2 and S3). The density of the micellar 
brushes could be varied by the feed concen- 
tration of seeds (Fig. 1, B to D, and fig. S1, D 
and E). As a result of the presence of a PDMS 
corona, the formation of a series of surfaces 
with tunable hydrophobicity was revealed by 
contact angle (CA) values ranging from 81° to 
109° (Fig. IE). Furthermore, on the basis of 
the characteristics of living CDSA processes 
performed in homogeneous solution, the 
length of these brushes should be adjusta- 
ble through the addition of further unimer 
(Fig. 1, F to H). With an increase in the amount 
of unimeric PFS;3-b-PDMS,,8, the CA increased 
steadily from 109° to 119° (Fig. 1D; this can be 
attributed to the elongation of the hydrophobic 
fibers forming a brush layer. 

Further utility of the PFS-b-PDMS micellar 
brushes was restricted by their collapse after 
drying (fig. S4), probably as a consequence of 
the thin, high-aspect ratio cylindrical struc- 
tures, as well as the very soft, low-T, (glass 
transition temperature, ~ -123°C) PDMS co- 
rona, and also by the lack of facile coronal 
functionalization chemistries. We therefore 
used PFS-b-P2VP BCPs for the seeded growth, 
taking advantage of the higher T, (~104°C, 
which may provide additional rigidity after 
drying in addition to that provided by the 
crystalline PFS core) (79) and the more readily 
functionalized corona-forming P2VP block. In 


Cai et al., Science 366, 1095-1098 (2019) 


addition, substantially shorter PFS36-b-P2VP502 
seeds (Ly = 58 nm, Ly/Ly = 1.03) at the same 
concentration (0.5 mg/ml) were immobilized 
on the silicon wafer (Fig. 2C) to favor the 
growth of denser micellar brush arrays. Upon 
addition of the PFS,9-b-P2VP,49 unimers (Fig. 
2A), micellar brushes with increased diame- 
ter of ~25 nm grew from the seeds on the sub- 
strate and formed coral-like nanoassemblies 
comprising pillars (revealed by the AFM 
height images both in the solution and dry 
state) (Fig. 2B and fig. S5). As a result of the 
hydrophilic nature of the P2VP coronas, the 
hydrophilicity was increased as the CA de- 
creased to 67° Such coral-like nanoassem- 
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PFS,,-b-P2VP.,,, 
unimers 


PFS,,-b-P2VP.,,, 
unimers 


sm 
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blies could be fabricated on a large scale 
covering a 1 cm x 1 cm piece of silicon wafer 
with relatively few defects (undergrown or 
overgrown sites) (fig. S6). The micellar brushes 
remained standing as the length further in- 
creased by the addition of unimer, but they 
eventually collapsed beyond average heights 
of ~40 nm (Fig. 2D and fig. S7). 

Previous studies have established that PFS 
BCPs with a longer PFS core-forming block 
tend to form cylindrical micelles with a larger 
core diameter (20). Hence, the use of PFS39-b- 
P2VPo96 with a longer PFS core-forming block 
and relatively larger block ratio (Rpoyp/prs = 
7.5 versus 7.0 for PFSg9-b-P2VP 49, where R is 


PFS,,-b-P2VP,,, 
unimers 


unimers 
PFS,,-b-PDMS,,, 
unimers 

vw 


Fig. 2. Seeded growth of hydrophilic PFS-b-P2VP and segmented micellar brushes on a silicon wafer. 
(A) Schematic illustration of the growth process for PFS29-b-P2VPy49 micellar brushes. (B to D) AFM 
height images of (C) PFS3¢-b-P2VPso2 seed-coated silicon wafer (for seeds, L, = 58 nm, L/L, = 1.03, 
concentration = 0.5 mg/ml in isopropanol) and PFS29-b-P2VPi49 micellar brushes formed by the addition 
of (B) 4 ul and (D) 10 ul of solution of PFS2o-b-P2VPi40 unimers, respectively. (E) Schematic illustration of 
the growth process for PFS39-b-P2VP226 micellar brushes and segmented micellar brushes. (F to H) AFM 
height images of (G) short PFS39-b-P2VP.22.6 micellar brushes formed by the addition of 3 ul of PFS39-b- 
P2VPo26 unimer solution, (F) elongated micellar brushes formed by further addition of 3 ul of PFS30-b- 
P2VPo26 unimer solution to the short micellar brushes shown in (G), and (H) segmented micellar brushes 
formed by further addition of 3 ul of PFS32-b-PDMS3g5 unimer solution to the short micellar brushes shown 
in (G). Insets at lower left are enlargements of the respective boxed areas; insets at upper right are 
photographs of water droplets on the surfaces, showing the corresponding CA results. 
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the block ratio) favored the formation of 
thicker and presumably more rigid micellar 
brushes (cylinder diameter of ~35 nm and 
average brush height of ~125 nm by AFM; 
Fig. 2G and fig. S8). The coral-like nanoassem- 
blies thus can be further elongated by sub- 
sequent addition of PFS39-b-P2VP2.g unimers 
(Fig. 2, E and F, and fig. S8). Moreover, seg- 
mented micellar brushes can be generated by 
sequential addition of PFS39-b-P2VPs.6 and 
PFS30-b-PDMS3g5 unimers (Fig. 2H and fig. 
$9), as evidenced by the transformation of 


() @EEREIED | cF,cooHn 


wettability (CA of 67° for the PFS39-b-P2VPo26 
micellar brushes compared to a value of 107° 
for the segmented brushes). 

We attempted post-assembly functionaliza- 
tion of the PFS-b-P2VP micellar brushes based 
on the functional P2VP corona and the redox- 
active PFS core (Fig. 3A). First, protonation of 
the P2VP corona was conducted by immersing 
the micellar brushes in a solution of CF;COOH 
(Fig. 3A, i) (21). This led to the yield of posi- 
tively charged micellar brushes with structur- 
ally retained integrity and a highly hydrophilic 
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Fig. 3. Functionalization and application of PFS-b-P2VP micellar brushes. (A) Schematic illustration of 
the pathways for the functionalization of PFS29-b-P2VPy49 micellar brushes: (i) protonation, (ii) coordination 
interaction, and (iii) in situ redox chemistry. (B to D) AFM height images of micellar brushes bearing (B) 
positive charges (the inset photograph shows a water droplet on the surface), (C) AUNPs, and (D) AgNPs. 
Insets in (C) and (D) are SEM-assisted EDX mapping images, where the yellow features represent N existing in 
the P2VP coronas of the micellar brushes, the red features identify Au, and the pink features identify Ag. 
Scale bars, 200 nm [inset in (C)], 2 um [inset in (D)]. (E) Schematic illustration of the borohydride-mediated 
reduction of 4-nitrophenol (Nip) to 4-aminophenol (Amp) catalyzed by AuNP-decorated micellar brushes 
in aqueous solution at room temperature. (F) Ultraviolet-visible (UV-vis) spectrum monitoring the reduction 
process of Nip in aqueous solution with an interval of 10 min. The reduction was accomplished in 

~100 min; the solution color changed from yellow to colorless (inset photographs). (G) Recyclability test for 
AuNP-decorated micellar brushes for the reduction of Nip. The data variability over the 15 cycles is attributed 
to the absence of stirring, as the reaction was run in a cuvette within a UV-vis spectrophotometer. 
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surface (CA = 26° versus 67° for the neutral 
micellar brush precursor) (Fig. 3B, inset). The 
P2VP corona was also manipulated to provide 
a viable platform for functionalization with 
inorganic nanoparticles (Fig. 3A, ii) (15, 22). 
For example, the brushes were selectively dec- 
orated by gold nanoparticles (AuNPs; diame- 
ter ~15 nm) via coordination interactions 
(Fig. 3C), allowing the fabrication of a func- 
tional hybrid surface. This was confirmed by 
scanning electron microscopy (SEM) and 
selected-area energy-dispersive x-ray (EDX) 
spectroscopy mapping (fig. SIOA). The AuNP- 
decorated micellar brushes were found to possess 
useful catalytic activity toward the borohydride- 
mediated reduction of 4-nitrophenol (Nip) to 
4-aminophenol (Amp) (23) (Fig. 3E); they also 
appeared to be durable and recyclable, as the 
catalytic performance was retained with sim- 
ilar activity over 15 cycles (Fig. 3, E to G). Fur- 
thermore, the redox-active PFS core provides 
another route to generate nanoparticle arrays 
(Fig. 3A, iii) (9, 24). In situ reduction of AgNO; 
by the Fe(II) sites in the core gave rise to a 
highly dense array of silver nanoparticles 
(AgNPs; diameter ~35 nm) (Fig. 3D and fig. 
S10B). We found that the antibactericidal 
activity of AgNPs (25) readily renders the silicon 
wafer resistant to the growth of Gram-negative 
Escherichia coli (fig. S11). 

To expand our approach to other material 
surfaces, we also explored the formation of 
micellar brushes on graphene oxide (GO) sheets 
(26) [Fig. 4A; additional anchoring tech- 
niques and substrates were also explored, 
such as coordination interactions for metallic 
substrates and covalent immobilization for 
hydroxylated surfaces (figs. S20 and S21)]. 
Seed-coated GO sheets were prepared by 
addition of the PFS39-b-P2VPo, seeds (Ly = 
46 nm, Ly/Ly = 1.04) to a suspension of GO in 
isopropanol, followed by a sedimentation/ 
redispersal process (fig. S12, A to C). Trans- 
mission electron microscopy (TEM) and AFM 
height images (Fig. 4, B and C) showed that 
the PFS39-b-P2VP2.6 seeds were densely im- 
mobilized on the GO sheets, presumably as 
a result of the H-bonding and electrostatic 
interactions between the pyridyl groups in 
the P2VP corona and the carboxyl and hy- 
droxyl groups of GO. The sheets retained the 
unilaminar structure and no obvious aggre- 
gation was observed. Upon addition of the 
PFS39-b-P2VPo96 unimers, fiber-like micelles 
grew from the GO surface and eventually 
formed a compact hairy brush layer (Fig. 4, 
Dand E, and figs. S12D and S13). These hairy 
GO sheets were found to be colloidally stable 
over several months, probably as a result of 
the solubility arising from the voluminous 
micellar brushes. In a similar manner to the 
silicon wafer system, elongated or segmented 
micellar brushes could be constructed by 
subsequent addition of PFS39-b-P2VPo.6 or 
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Fig. 4. Seeded growth of PFS-b-P2VP micellar brushes on GO sheets. (A) Schematic illustration of the 


process, which involves the immobilization of PFS39-b-P2VP225 seeds on GO via H-bonding and electrostatic 
interactions followed by living growth of PFS39-b-P2VP226 micellar brushes. (B and ©) TEM (B) and AFM 
(C) height images of PFS39-b-P2VP22.5 seed-coated GO sheets (L, = 46 nm, L,/L, = 1.04) after removal of the 
excess seeds. (D and E) TEM (D) and AFM [(E); derived from the peak force error channel] images of 
hairy GO sheets formed by the addition of 10 ul of PFS3q-b-P2VP22, unimer solution (LO mg/ml in THF) to 
1 ml of solution of PFS39-b-P2VP226 seed-coated GO (GO of 0.02 mg/ml in isopropanol). (F) Schematic 
illustration describing the vacuum filtration process, which rejects specific objects by means of a laminated 
membrane assembled from the hairy GO sheets. (G@ and H) Optical microscopy images and photographs 
(insets) of a heptane-in-water emulsion before (G) and after (H) filtration by the membrane. The absence 
of heptane droplets in (H) compared with the feed emulsion shown in (G) indicates that heptane was rejected 
by the membrane, presumably as a result of the hydrophilic corona of the micellar brush layer. (1) UV-vis 


spectra and photographs of a AuNP solution before and after filtration by the membrane. The AuNPs 
were removed, as evidenced by the absence of the peak at 523 nm and the transparent filtrate compared 


with the original purple solution. 


PFS30-b-PDMSzg5 unimers (fig. S14). Analo- 
gous to the “grafting-from” method applied 
in the synthesis of polymer brushes (8), this 
seeded growth approach provided a facile 
bottom-up approach to fabricate GO-based 
hybrid assemblies with controllable brush 
layer functionalization. The method also has 
advantages over conventional approaches in- 
volving direct anchoring of long fibers on GO 
sheets (fig. S15) in terms of uniformity and 
grafting density (27). 

The hairy GO sheets can be functionalized 
using various post-assembly chemistries. For 
example, fluorescent dyes can be covalently 
anchored onto the P2VP corona via quater- 
nization, making them observable in solution 
through stimulated emission depletion (STED) 
microscopy (fig. S12, E to G). In addition, facile 
decoration by nanoparticles is possible using 
noncovalent interactions, such as coordination 
(e.g., for AuNPs; fig. S16) and H-bonding (e.g., 
for silica nanoparticles; fig. S17). For demon- 
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stration of potential utility, a thin laminated 
membrane (thickness of ~60 nm) was further 
assembled from the hairy GO sheets (fig. S18). 
This membrane exhibited higher water perme- 
ance upon subsequent protonation with trifluo- 
roacetic acid, with substantially higher flux 
(4520 liters hour’ m~ bar) compared to the 
original membrane (226 liters hour? m™~ bar’) 
(see supplementary materials for details) and 
similar to the fluxes of recently reported GO- 
based membranes (27, 28). Because of the nano- 
porosity and hydrophilicity of the protonated 
P2VP corona of the constitutive micellar brushes, 
the membrane efficiently separated heptane from 
a heptane-in-water emulsion (Fig. 4, F to H, and 
fig. S19) and filtered AuNPs (diameter ~15 nm) 
from an aqueous solution (Fig. 41 and fig. S19). 
We have demonstrated a versatile bottom- 
up strategy that represents a platform for the 
controlled functionalization of surfaces, using 
the crystallization-driven growth of BCP mi- 
cellar brushes with precisely controlled chem- 
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istry. In principle, this approach should be 
suitable for any arbitrary material surface 
given the existence of an effective anchoring 
technique for the micelle seeds, thereby en- 
abling a range of applications. 
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SUPERCONDUCTIVITY 


Incoherent strange metal sharply bounded by a 


critical doping in Bi2212 


Su-Di Chen*?*, Makoto Hashimoto**, Yu He’*+, Dongjoon Song*t, Ke-Jun Xu’, Jun-Feng He*7§, 
Thomas P. Devereaux", Hiroshi Eisaki*, Dong-Hui Lu®, Jan Zaanen*®, Zhi-Xun Shen*?# 


In normal metals, macroscopic properties are understood using the concept of quasiparticles. 

In the cuprate high-temperature superconductors, the metallic state above the highest transition 
temperature is anomalous and is known as the “strange metal.” We studied this state using 
angle-resolved photoemission spectroscopy. With increasing doping across a temperature- 
independent critical value p, ~ 0.19, we observed that near the Brillouin zone boundary, the strange 
metal, characterized by an incoherent spectral function, abruptly reconstructs into a more 
conventional metal with quasiparticles. Above the temperature of superconducting fluctuations, 
we found that the pseudogap also discontinuously collapses at the very same value of pc. 

These observations suggest that the incoherent strange metal is a distinct state and a prerequisite 
for the pseudogap; such findings are incompatible with existing pseudogap quantum critical 


point scenarios. 


andau’s theory of Fermi liquids suc- 

cessfully explains the behavior of inter- 

acting electrons in normal metals. In 

a Fermi liquid, electronic states evolve 

adiabatically with increasing electron- 
electron interactions. Therefore, they remain 
in a one-to-one correspondence with the 
states in a Fermi gas and can be described 
in the language of quasiparticles. Soon after 
the discovery of cuprate high-transition tem- 
perature (high-7,) superconductors, it was 
realized that the cuprates fall into a different 
regime (7). The starting point is a Mott in- 
sulator with one hole per Cu site. The holes 
are localized thanks to strong on-site Coulomb 
repulsion and become mobile with increas- 
ing doping. At the optimal doping where 
T. is maximized, the metallic state above 
T. breaks the Fermi liquid rules (7-3). With 
sufficient overdoping, a key aspect of Fermi 
liquid behavior is eventually recovered: 
Quasiparticles have been directly observed 
by angle-resolved photoemission spectros- 
copy (ARPES), spanning up a genuine Fermi 
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surface (4-6). Here, we report the sur- 
prising way in which these quasiparticles 
spring into existence in (Bi,Pb).SrzCaCu.0¢.5 
(Bi2212), one of the most studied high-7, 
superconductors. 

We performed ARPES measurements 
over a wide temperature range on Bi2212 
single crystals in fine doping steps. Such 
measurements are challenging because the 
increased outgassing from the sample en- 
vironment at high temperature can easily 
contaminate the sample surface and alter 
the signal, given the small probe depth of 
ultraviolet photoemission. To overcome this 
problem, we controlled the sample temper- 
ature using a local heater and preserved the 
sample environment as a cold trap for con- 
taminants throughout the measurements 
(7, 8). The spectra showed good consistency 
before and after thermal cycles between 
cryogenic and room temperatures (fig. S1), 
which has rarely been demonstrated in 
prior work. 

In Fig. 1, A to F, we show the doping evo- 
lution of the ARPES spectra collected at 250 K 
along the Brillouin zone (BZ) boundary. On 
the heavily overdoped side, the spectra fea- 
ture two parabolic-like dispersions known as 
the antibonding band (AB) and bonding band 
(BB) (3), consistent with band structure pre- 
dictions for CuO, bilayers. However, once the 
doping level drops below p, ~ 0.19, the spectra 
markedly broaden and dispersions are no 
longer identifiable. In Fig. 1, G and H, we also 
present the nodal spectra immediately below 
and above p,, respectively. These two spectra 
show similar dispersions with almost iden- 
tical sharpness, indicating that the change 
across p, is intrinsic to the antinode and high- 
ly anisotropic. 

We now try to understand this change in 
quasiparticle terms. In Fermi liquid-like sys- 
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tems, quasiparticles appear as poles in the 
spectral function, 


1 1 
i le . E —o+ X(k, @) 


| @ 
where w is the energy, & is the momentum, €, 
is the bare band dispersion, and x(k, w) is the 
perturbative self energy that captures inter- 
action effects. For Bi2212, it has been reported 
that the normal-state self energy takes the 
marginal Fermi liquid form (9, 10): 


X(k, 0) = »Jom(=) = i(5)a| Wp (2) 


with 


X= \/o? + 1kRT? (3) 


where A is a coupling constant, w, is a cutoff 
energy, Ip is an energy-independent scatter- 
ing rate, Xp is the Boltzmann constant, and T 
is the absolute temperature. Immediately above 
Dc, We indeed find that the energy distribution 
curve (EDC) at (-n, 0)/dp (antinode; dp is the 
unit cell dimension) can be well fitted using 
this self energy (Fig. 11) (8). Furthermore, the 
same set of parameters also reasonably 
describes the momentum distribution curve 
(MDC) (Fig. 1J) (8). In contrast, below p,, the 
fitting becomes unstable as the antinodal 
EDC abruptly broadens and the quasiparticle 
peaks are replaced by an incoherent con- 
tinuum (Fig. 11). Intriguingly, no substantial 
change is observed in the MDC linewidth 
across p, (Fig. 1J and fig. $2). This indicates 
that the disappearance of quasiparticle peaks 
is not a consequence of trivial elastic impurity 
scattering. 

To further reveal the distinct spectral prop- 
erties below and above p,, we show the tem- 
perature dependence of spectra in Fig. 2 (see 
fig. S3 for the complete dataset). Upon cooling, 
the antinodal EDC below p, gains two impor- 
tant features with well-separated temperature 
scales (Fig. 2A). The first is the pseudogap 
(2, 3), alow-energy spectral intensity depletion 
that gradually develops from far above T, (red 
arrow; see also Fig. 3A). The second is the 
Bogoliubov quasiparticle (BQP) peak, which 
emerges as an intensity shoulder around 130 K 
and rapidly grows into a sharp peak with fur- 
ther decreasing temperature (blue stripe). 
These two features are further accentuated 
by the temperature difference spectra, where 
the pseudogap manifests as a spectral weight 
transfer from near the chemical potential to a 
wide energy window (Fig. 2B), and the BQP 
arises as a rather flat dispersion in a temper- 
ature range moderately above T, (Fig. 2C). 

In contrast to the two-temperature-scale be- 
havior below p,, we find a more conventional 
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Fig. 1. Doping dependence of the electronic structure at 250 K in Bi2212. 
(A to F) ARPES spectra (top) and their second energy derivatives (bottom) 
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at six doping levels, taken along the Brillouin zone (BZ) boundary as indicated 
by the red line in (K); ag is the unit cell dimension. The corresponding 

sample (doping p) is marked at the top of each panel. Samples are named 
by their transition temperatures (T., in kelvin) rounded to the nearest integer 
with the prefix OD for overdoped and OP for optimally doped. The critical 


doping p¢ is between OD8&6 and OD81. All data are divided by the resolution- 


convolved Fermi function. (G and H) ARPES spectra near the node (N) along 


the gray line in (K) from OD86 and OD81, respectively. (I and J) Energy 
distribution curves (EDCs) at the antinode [AN, red dot in (K)], and momentum 
distribution curves (MDCs) along the BZ boundary at the chemical potential 
u, respectively. A momentum-independent background is subtracted (8). 
Curves are normalized by the area under them in the plotted horizontal axis 
range for better comparison. Data from OD81 are fitted to a marginal Fermi 
liquid model (8-10), and the results are plotted in gray. (K) Schematics of the 
Fermi surfaces formed by the antibonding band (AB) and bonding band (BB) 
in the first BZ. 


A OD86 (0.186) B D OD81(0.196) E Fig. 2. Temperature dependence of the electronic 
|__| OF eisai ese | OF : structure immediately below and above p,. 
10K ie (A) Temperature evolution of antinodal EDCs in 
BG D OD86 (p ~ 0.186). The curves are offset for clarity. 
250 K ook alt The red arrow indicates the development of the 
250K i pseudogap (PG). The blue stripe highlights the 
190 K ] I intensity shoulder and its evolution into the sharp 
| VA 190 K Bogoliubov quasiparticle (BQP) peak. All data are 
150 K f |= nial ae les = ee a divided by the Fermi function. (B) Difference 
is | = i" c= 150K a = between the ARPES spectra taken at 150 K and 
£ / 130K . 05 150K-250K] ¢ - = os  150K-250K| 250 K along the BZ boundary in OD86. The original 
= | = 70.6 — : : = 130 K . 2 -0.6— ; : spectra at each temperature are normalized such 
i} ceca | 2 CF ——— G 14] oF OF that the average intensity between —-0.6 and -0.5 eV 
5 | 110K — | s I = er 
2 g BOP) = [T10K or 4 equals 1. The black arrow indicates the spectral 
\ | Ai At weight transfer due to the PG. (C) Same as (B) but 
; -0.2- -0.2r between spectra taken at 90 K and 150 K. The 
| black arrow highlights the emergence of the BQP. 
l (D and E) Same as (A) and (B) but taken for OD81 
-0.44 -0.44 (p ~ 0.196). The open diamonds and circles in (D) 
i oe pad are guides to the eye and denote the BQP peaks 
A above and below the chemical potential, respec- 
— ogee aces ese oe eles ___ 9°] tively. (F) ARPES spectra taken at 90 K along the BZ 
0.2 -0.1 0 “0.4 0 0.4 02 -01 0 ~ -0.4 0 0.4 boundary in OD81. The orange curves in (E) and (F) 
Energy relative to y (eV) k, (tWa,) Energy relative to 4 (eV) k, (tWa,) are guides to the eye and highlight the normal 


Chen et al., Science 366, 1099-1102 (2019) 


29 November 2019 


quasiparticle and BQP dispersions, respectively. 
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Fig. 3. Marked changes of spectral properties 
across p,. (A) Temperature dependence of spectral 
intensity at the BZ-boundary BB Fermi momentum 
(ke) and pw (red dot in inset). The error bars 

reflect the noise level in the ARPES data and 
uncertainties in determining kr and uw. (B) Doping 
evolution of EDCs at the BZ-boundary BB ke 

and 60 K. All data in (A) and (B) are background- 
subtracted (8), divided by the Fermi function, 

and normalized such that the average EDC 
intensity between -0.6 and -0.5 eV equals 1. The 
inset shows examples of intensity normalization 
using OD86 data. (C) Doping dependence of 
2A/keglFiuc, Where A is the antinodal superconduct- 
ing gap size, kg is the Boltzmann constant, 

and Triuc is the temperature scale of super- 
conducting fluctuations. The horizontal error 
bars are caused by uncertainties in T, measure- 
ments; the vertical error bars reflect uncertainties 
in determining A and Triuc. 


Fig. 4. Phase diagram of A 


Bi2212. (A) The color plot 
(outlined in white) shows the 
spectral intensity at the 
BZ-boundary BB kr and p 
(same data as in Fig. 3A) 
plotted as a function of both 
temperature and doping. 

For p < Pe, this intensity 
reduces with decreasing tem- 
perature and doping, reflect- 
ing the development of the 
pseudogap. Also plotted 

are the transition temperatures 
of various broken symmetries 
in Bi2212 and YBazCus0¢.5 
(YBCO): magnetic order (Tag) 
(24-26), charge order (Tcpw) 
(27-29), nematicity (Tem) 
(30), time-reversal symmetry 
breaking (Tt) (31), and 
inversion-symmetry breaking 
(Tiny) (82). The black curve 
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marks T,; the vertical dashed line marks p¢. (B) Triye in Bi2212 observed by various probes: ARPES in the antinodal (AN) region (this work), laser ARPES in the near-nodal 
(NN) region (7), torque magnetometry (11), Nernst effect (11), specific heat (12), and high-frequency conductivity (13). Error bars indicate uncertainties in estimating 
these temperatures. Gray, pink, and blue background shadings are guides to the eye and indicate the existence of the pseudogap, normal quasiparticles, and BQPs, 
respectively. Insets are schematics of the antinodal ARPES spectra; the horizontal dashed lines mark the chemical potential, the hatched area indicates incoherent spectra, 
and the black and blue curves indicate the normal quasiparticle and BQP dispersions, respectively. 


temperature evolution above p,. With decreas- 
ing temperature, the quasiparticle peaks first 
sharpen with no sign of the pseudogap (Fig. 2, 
D and E£, and Fig. 3A). Then at around 130 K, a 
gap opens with the rise of one additional peak. 
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The peak can be attributed to the back-bending 
AB above the chemical potential (Fig. 2, D and 
F), consistent with the formation of BQP dis- 
persions when a superconducting gap opens. 
With further decreasing temperature, the gap 
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and low-energy peaks become more promi- 
nent. Yet as superconductivity develops, no 
other major changes are observed in the elec- 
tronic structure. These observations imply 
that both the gaps above and below 7, here 
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are associated with superconductivity. The 
absence of additional gap-like features also 
indicates that the pseudogap suddenly col- 
lapses at p, with overdoping. Furthermore, by 
following the BQP shoulder for doping p < p, 
and the gap above 7, for p > p, (figs. S3 and 
S4), we establish a temperature scale for super- 
conducting fluctuations, Try, that smoothly 
follows the T, dome. This is consistent with re- 
sults from other studies (7, 17-13), as summa- 
rized in Fig. 4B. 

We further compare the spectra across p, in 
the superconducting state. In Fig. 3B we show 
the doping dependence of EDCs at 60 K, a 
temperature where the growth of the super- 
conducting gap is almost complete (/4). These 
EDCs are taken from the BB Fermi momen- 
tum to minimize bilayer effects. Below p,, the 
EDCs exhibit the anomalous peak-dip-hump 
line shape, and the gap-to-7;,, ratio gradually 
decreases with increasing doping (Fig. 3C). 
Once above p,, we find that the dip rapidly 
weakens and the gap-to-7yy- ratio satu- 
rates. These changes reflect the impact of 
the normal state on the superconducting 
phase, echoing previous observations of low- 
temperature anomalies across the very same 
De (14-20). 

We now discuss the implications of our re- 
sults. Previously, the low-temperature anom- 
alies at p. were sometimes viewed as evidence 
of a conventional order undergoing a contin- 
uous quantum phase transition. In this pic- 
ture, the order parameter would couple to 
the electrons and cause the pseudogap, and 
its quantum critical fluctuations would give 
rise to the strange metal within a V-shaped 
region in the temperature-doping phase dia- 
gram (1). However, this scenario is hard to 
reconcile with several studies in the normal 
state, where the experimental observations 
are indicative of a change of quasiparticle co- 
herence across p, at elevated temperatures 
(15, 21-23). Consistent with these studies, our 
data provide direct microscopic evidence that 
—- is not associated with a V-shaped quan- 
tum critical region, but instead represents a 
temperature-independent boundary between 
the incoherent strange metal and the over- 
doped quasiparticle metal. Furthermore, we 
find that upon cooling, the pseudogap develops 
only inside the incoherent strange metal and 
in turn serves as a parent state for various 
broken symmetries that occur at even lower 
temperatures (Fig. 4A) (24-32). These ob- 
servations suggest that the pseudogap is a 
subordinate phenomenon to the incoherent 
strange metal and does not form a quantum 
critical point. 

A remaining puzzle is the incoherent anti- 
nodal line shape. It has been suggested that 
incoherence may arise from strong cou- 
pling between electrons and bosonic modes 
such as spin excitations (4) and phonons 
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(33, 34). However, this alone cannot produce 
the discontinuous change of spectral function 
at p.. In fact, as the impact of this change 
persists to high energy and temperature, con- 
ventionally it would be associated with a first- 
order phase transition. One possibility is the 
involvement of a structural transition. For 
example, an abrupt change of CuO, plane 
dimpling has been reported in YBagCu30¢,5 
near optimal doping (35). Yet it remains to be 
seen whether a similar structural transition 
happens at p, in Bi2212 and strongly affects 
the bare band dispersions and mode cou- 
pling properties. Moreover, certain short-range 
orders, such as the short-range charge density 
wave (1/4) and nematic glass (36), may also 
contribute to the broadening of antinodal 
spectra. Considering these factors, it seems 
possible that our data can be explained by 
a conventional theory. However, such ex- 
planations become debatable when results 
from other probes are considered. A first- 
order phase transition must be accompanied 
by jump discontinuities in the macroscopic 
electronic properties. Nonetheless, to our 
knowledge, such discontinuities have not 
been observed at high temperature. Al- 
though future experiments with continuous 
and in situ doping tuning capability may 
bring important insights, the nature of this 
hidden “first-order transition” remains to be 
resolved. 

Perhaps these observations signal that the 
incoherent strange metal is a form of matter 
governed by unknown emergence principles. 
A potential culprit is dense many-body entan- 
glement (37). Because the Hilbert space of a 
quantum many-body system grows exponen- 
tially with the system size, to compute the 
properties of densely entangled states in such 
systems is beyond the capacity of classical 
computers. However, because these states are 
delocalized in the vast Hilbert space, their ex- 
citations are generically not organized around 
single-particle quantum numbers and can 
manifest a broad spectral function (37). This 
encapsulates a possible explanation for the 
incoherent ARPES spectra. Meanwhile, it 
offers a loophole for the hidden “first-order 
transition,” as rules for transitions between 
densely entangled and Fermi liquid-like states 
are not known. Could it be that this would 
explain the experimental observations? We 
present our study as a challenge to the theory 
community and a potential benchmark test 
for quantum computing efforts. 
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Illuminating seafloor faults and ocean dynamics with 
dark fiber distributed acoustic sensing 

Nathaniel J. Lindsey?*, T. Craig Dawe®, Jonathan B. Ajo-Franklin”* 


Distributed fiber-optic sensing technology coupled to existing subsea cables (dark fiber) allows 
observation of ocean and solid earth phenomena. We used an optical fiber from the cable supporting the 
Monterey Accelerated Research System during a 4-day maintenance period with a distributed acoustic 
sensing (DAS) instrument operating onshore, creating a ~10,000-component, 20-kilometer-long seismic 
array. Recordings of a minor earthquake wavefield identified multiple submarine fault zones. Ambient 


noise was dominated by shoaling ocean surface waves but also contained observations of in situ 
secondary microseism generation, post-low-tide bores, storm-induced sediment transport, infragravity 
waves, and breaking internal waves. DAS amplitudes in the microseism band tracked sea-state 
dynamics during a storm cycle in the northern Pacific. These observations highlight this method’s 


potential for marine geophysics. 


he underwater environment that covers 
70% of Earth’s surface poses major logis- 
tical challenges to seafloor studies. Ma- 
rine geophysical research is conducted 
with large research vessels, temporary 
ocean-bottom seismometers (7), and a limited 
number of permanent tethered observatories 
(2, 3). Emerging float networks, seafloor global 
navigation satellite system, and high-frequency 
remote sensing are beginning to infill major 
data gaps with promising near-real-time cov- 


Fig. 1. MARS DAS experi- A ~122.25° 


erage. The impact has included quantification 
of offshore seismic hazards (4, 5), submarine 
volcanism (6), marine ecology, and ocean trans- 
port (7), yet many oceanographic and solid- 
earth processes remain spatially aliased. 
Fiber-optic sensing is an emerging means 
of recording dense geophysical information 
onshore (8, 9) and should be equally useful 
offshore, using existing dark fiber seafloor 
optical fibers. Marra et al. (10) proposed using 
transmission time-of-flight of ultrastable laser 


ment. (A) Map of Monterey 
Bay, CA, shows MARS cable 
(DAS, pink portion), mapped 
faults, Gilroy earthquake 
(red-and-white beach ball), 
seismometers BK.SAO and 
BK.MOBB (green squares), 
NOAA buoy 46042 (yellow 
diamond), and major bathy- "A 
metric features. (B) Cross- 4 

section illustration of MARS 
cable used for DAS. 


es 


pulses inside transoceanic subsea fibers to 
record cable-averaged seafloor strain. To 
examine seafloor strain with higher spatial 
resolution, we used backscattered laser pulses 
with phase-based coherent optical time-domain 
reflectometry (@-OTDR), otherwise known as 
distributed acoustic sensing (DAS), inside the 
Monterey Accelerated Research System (MARS) 
science cable that spans the continental shelf 
offshore of California (Fig. 1) (17). In contrast to 
the approach of Marra et al., DAS multiplexes 
the optical analysis and thus resolves the 
seafloor strain field every 10 m, which in our 
case produced an array dataset totaling 3.2 TB 
collected over 4 days. 

We recorded the 11 March 2018 strike-slip 
earthquake near Gilroy, CA, using the MARS 
cable. Figure 2 shows this earthquake wave- 
field DAS record after minimal data process- 
ing (11). P, pP, PP, S, and SS phase arrivals 
matched predicted arrival times for the U.S. 
Geological Survey-cataloged event solution and 
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cable geometry. The P-wave was barely visible 
over cable segments, potentially owing to the 
suboptimal orientation of particle motion rela- 
tive to the fiber axis (0 > 71°). Converted pP and 
PP phases with greater horizontal components 
were more robustly observed. Time-domain 
beamforming of the record found that energy 
arrived with equal components from the epicen- 
teral backazimuth of 81°N and a direction 
around 45°N (Fig. 2E), interpreted as seismic 
multipathing through the complex three- 
dimensional North American-Pacific plate 
boundary (12). A second source of scattering 
was found to originate from local structure 
immediately below the seafloor cable. 

After each seismic phase, we observed strong 
coherent seismic energy propagating outward 
with apparent velocity of 200 to 600 m/s from 
discrete points between 15.1 and 16.3 km on the 
MARS cable and also between 8.4 and 10.3 km 
(Fig. 2, B to D). We interpreted this as body 


Mapped 


Fault Zone 


wave conversion into Scholte waves at sub- 
vertical seafloor faults, which act as point scat- 
terers. Scholte waves have Rayleigh-type wave 
motion and propagate at the ocean-solid earth 
interface. Wavefront tracking of the main SS 
phase showed slowdown between 14.5 and 
16.5 km, coincident with observed scattering 
(Fig. 2D). Assuming wave propagation in 
the cable axis plane, velocity decreased from 
2.1 km/s to 1.2 km/s over <1 km. We inter- 
preted this as a waveguide effect where seismic 
energy interacts with highly fractured, low- 
velocity fault zone gouge layers (13). Similar 
observations were made for the subsequent 
magnitude 2.7 aftershock. 

Recent high-resolution seismic reflection 
imaging from this section of the continental 
shelf near Monterey and Soquel canyons iden- 
tified extensive paleocanyon deposits and the 
NW-SE striking Aptos Fault Zone, a major 
step-over relay between the San Andreas Fault 


Unmapped 
Fault Zone 


Zone onshore and the San Gregorio Fault Zone 
offshore (14, 15). Four subvertical Aptos faults 
mapped in (/4) transect the MARS cable around 
15 to 17 km and near 19 km at an oblique angle 
(Fig. 1). These fault locations correlate with 
observed secondary scattering locations from 
the Gilroy event. We identified a number of 
unmapped faults (Fig. 1 for locations; strike 
based on regional information) in a segment 
extending the Aptos Fault Zone 15 to 20 km 
SSE parallel to shore, potentially connecting 
to the Monterey Canyon. 

Ocean-solid earth interactions generate 
Rayleigh waves between 0.05 and 0.5 Hz, which 
are globally recorded as primary and second- 
ary microseisms (16-19). In principle, horizon- 
tal seafloor fibers have zero strain sensitivity 
to primary microseism (PM) hydrostatic load 
changes. To test this hypothesis, we fit a PM 
model based on buoy wave height records 
to DAS strain data at 0.05 to 0.15 Hz (11). We 


10 [A] 


12 PL 


16 


Fig. 2. Magnitude 3.4 11 March 2018 Gilroy earthquake wavefield. (A) Full 
array observation (0 indicates the shore) with predicted seismic phase arrivals 
(colored lines). (B) Inset shows scattering with recently mapped submarine 
fault locations (white arrows). (C) Same as (B), for an unmapped fault zone. 
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(D) Observed 0.25-s wavefront delay in mapped fault zone from (B). Lines show 
predicted constant phase arrivals immediately after the first SS wavefront. 

(E) Time-domain beamforming solution shows energy arriving from ENE 
azimuths, while red arrow shows predicted backazimuth. 
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found that these DAS records can be explained 
as PM (fig. S1), likely because the fiber package 
experiences a Poissonian strain response (20) 
or an unquantified transverse seafloor current 
motion in the shallow waters of Monterey Bay. 

Tracking microseism energy over 4 days 
(Fig. 3), we observed a consistent response be- 
tween buoy wave motion, seafloor DAS strain, 


and seismometer noise onshore (77). All three 
instruments record high amplitudes during 
the initial period of high storm activity on 
10 March 2018. Recorded amplitudes decrease 
as the first storm loses energy and then in- 
crease as the second storm builds. Small 
absolute frequency shifts and amplitude dis- 
crepancies between the three records could 
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be the result of a number of variables, including 
complicated energy partitioning, that is, the 
quality and character of microseism energy 
conversion at the ocean-continent interface; 
fiber and seismometer coupling; lateral sepa- 
ration and water-depth differences between 
the buoy and fiber (78); and poorly constrained 
ocean site effects (27). 
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Fig. 3. Multi-instrument analysis of sea-state evolution. (A) Wavewatch Ill 
reanalysis of satellite remote-sensing data shows ocean wave height outside 
Monterey Bay (red triangle). (B to D) NOAA buoy 46042 8-min average 
measurements of wave speed and direction (black) and peak gust (red), and 
10-min average wave height and spectral wave density (SWD) measurements. 
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(E) Seafloor DAS strain from cable location 2 km averaged over a 15-min sliding 
window. (F) North component of ground velocity from onshore broadband 
inertial seismometer BK.SAO averaged over a 15-min sliding window. Buoy, DAS, 
and seismometer measurements show time-lapse interactions of primary and 
secondary ocean microseism between two Pacific storm cycles. 
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Fig. 4. Broadband hydrodynamic signals. DAS data for cable location 5.5 km analyzed with a sliding window 
(w) of 120-, 300-, or 7200-s duration, 50% overlap. (A) 0.5 to 11 Hz: high-frequency noise consistent with timing 
of expected storm-induced sediment transport (see Fig. 3A for storm activity) and tidal bore activity. (B) 0.02 to 
1 Hz: primary and secondary microseism observations changing energy with storm activity, with tidally modulated 
infragravity noise below 0.05 Hz; NOAA tide gauge 9413745 from Santa Cruz, CA, plotted for reference (mean 
lower low water level minimum = -0.03 m, maximum = 1.42 m). (€) 0.0002 to 0.01 Hz: tidally modulated 
harmonic noise, potentially caused by bay seiche or breaking internal waves at the continental shelf. Data gaps 


change with window duration. 


storm lost energy, consistent with seafloor 
current-driven sediment transport similar to 
noise profiles of bedload transport observed 
onshore near rivers (26, 27). At 1 to 2 Hz, we 
observed transients coincident with rising tide, 
interpreted as thermal strain related to semi- 
diurnal internal tidal bores (28-31). At 0.005 
to 0.05 Hz, we observed tidally modulated 
infragravity waves previously observed using 
the Monterey Bay seismometer supported by 
MARS (32). At ~0.001 Hz, we also observed a 
strong gliding signal with harmonics declining 
in energy from 10 March 2018. Signal gliding 
correlated with high and low tide. The signal 
may be related to the higher harmonics of 
the Monterey Bay seiche (33), but water level 
monitoring documented stable seiche ampli- 
tudes (34). An alternative hypothesis is that 
this is a solid-earth tilt response to slow- 
moving internal gravity waves, vertical oscil- 
lations of the ocean stratification interface, 
which break near steep bathymetric features 
such as the Monterey Canyon (28, 35-37). 
Internal waves enhance cross-shelf transport 
of fluid and biology and are therefore founda- 
tional in models of thermohaline ocean circu- 
lation and marine ecology (38). Independent 
of the source mechanism, this low-frequency 
DAS signal highlights the potential utility of 
the method for studying quasi-geodetic strain 
phenomena. 
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wind-wave trains mix nonlinearly and produce 
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QUANTUM MATERIALS 


Quantum units from the topological engineering of 


molecular graphenoids 


Federico Lombardi’, Alessandro Lodi, Ji Ma’, Junzhi Liu**, Michael Slota’, Akimitsu Narita*+, 
William K. Myers‘, Klaus Miillen*+, Xinliang Feng”, Lapo Bogani?§ 


Robustly coherent spin centers that can be integrated into devices are a key ingredient of quantum 
technologies. Vacancies in semiconductors are excellent candidates, and theory predicts that defects in 
conjugated carbon materials should also display long coherence times. However, the quantum 
performance of carbon nanostructures has remained stunted by an inability to alter the sp-carbon 
lattice with atomic precision. Here, we demonstrate that topological tailoring leads to superior quantum 
performance in molecular graphene nanostructures. We unravel the decoherence mechanisms, 
quantify nuclear and environmental effects, and observe spin-coherence times that outclass most 
nanomaterials. These results validate long-standing assumptions on the coherent behavior of topological 
defects in graphene and open up the possibility of introducing controlled quantum-coherent centers in 
the upcoming generation of carbon-based optoelectronic, electronic, and bioactive systems. 


urrent hopes of developing radically 

new technologies (/, 2) in computation, 

communications, security, and sensing 

rely on the quantum manipulation of 

charges (3), spins (4), or photons (5). 
One of the main approaches is defect engi- 
neering (J, 2), which has produced robust 
quantum systems in diamond and silicon car- 
bide. Conjugated sp?-carbon nanomaterials 
would, in principle, be extremely appealing 
for quantum applications because they can be 
integrated into engineered devices (6) and 
possess intriguing mechanical (7) and trans- 
port properties (8). Methods to add spins to 
carbon nanomaterials include encaging het- 
eroatoms inside fullerenes (9), confining 
electrons into carbon nanotubes (J0), and 
functionalizing graphene nanoribbons (Fig. 1) 
(11). The manipulation of the honeycomb lat- 
tice (72, 13) using topological defects (14) is 
the approach that has seen most theoretical 
attention and could provide robustness against 
decoherence (15), single-photon optical con- 
trol (/6), and spintronic manipulation (7). 
On the other hand, the difficulty of reliably 
engineering point defects leaves it largely 
unexplored. 
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The desired level of control of the graphene 
lattice has become possible only recently, 
with the synthesis of molecules containing 
many fused rings in an sp’-carbon framework 
(18), where pentagonal rings can be introduced 
reliably at precise positions (79). It is useful to 
relate these structures, obtained with bottom- 
up synthesis, to their equivalents on a graphene 
lattice (Fig. 1). After two (1,0) dislocations form 
(Stone-Wales defect), the heptagon-pentagon 
pairs can migrate. The lattice can then be 
trimmed down along the graphene stripe 
containing the dislocations to the desired 
geometry. Chemical stabilization by reso- 


Coulomb 
N] charging 


Top down 


nance will still occur, but the resonance struc- 
ture with the most disjoint benzene-like 
moieties is the most relevant (Clar’s n-sextet 
rule) (16). The resulting extended open-shell 
molecule, with singlet and triplet states sep- 
arated (20) by an energy gap 2, is, in essence, 
one small graphene quantum dot with topol- 
ogy and defect positions shaped with atomic 
precision. Although the associated chem- 
istry is seeing a veritable explosion for opto- 
electronic, biological, and energy applications 
(21), the potential of these molecules for 
quantum devices remains unexplored and 
untapped. 

Our molecule of choice is a saddle-shaped 
diindeno-fused bischrysene (1) with highly 
stable open-shell biradical feature (22) (Fig. 2A). 
It contains a conjugated aromatic backbone 
and two pentagonal rings; as compared with 
the perfect heptagon-pentagon pairs, the 
difference is an unformed bond in each heptag- 
onal ring. It is synthesized from the 11,11’- 
dibromo-5,5’-bichrysene (S1) in five steps 
(Fig. 2A and supplementary materials). The 
synthesis of such radicaloids has one often- 
overlooked feature: Incomplete dehydro- 
genation in the final step can lead to open-shell 
monoradical species (Ib) at impurity concen- 
trations, which are hard to identify by struc- 
tural characterization methods. For instance, 
because Ib differs by one single hydrogen, it 
cannot be completely removed from 1 and is 
undetectable by mass spectrometry. For our 
purposes, Ib is useful because it allows for de- 
termining the behavior of single pentagonal 


Trimming down 


Fig. 1. Strategies toward obtaining aromatic quantum units. Quantum spin properties are introduced 

by heteroatom inclusion for endohedral fullerenes (red), Coulomb charging for carbon-nanotubes (magenta), 
and side-functionalization in graphene nanoribbons (orange). Coherence times refer to room temperature, 
except for carbon nanotubes (mk). Topological stabilization of magnetic centers is obtained by rational 
synthetic tailoring of the lattice with atomic precision at preconceived sites (blue). The result is akin to a 
sequence (right) of introducing a Stone-Wales defect (purple and green), followed by propagation and 


trimming down. 
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elements in the honeycomb lattice—that is, a 
positive disclination—which is particularly 
relevant at graphene edges (23). Although the 
signal from Ib is overshadowed by 1 at room 
temperature, it is selectively addressable at 
low temperature, 7, where 1 is completely in 
the singlet state. 

The room-temperature electron paramag- 
netic resonance (EPR) spectrum shows a sin- 
gle peak of width 0.8 mT in a magnetic field 
and electron Landé factor g = 2.0027 + 0.0002 
(Fig. 2B). This matches the expected signal for 
completely delocalized unpaired electrons in 
graphene, where dipolar and hyperfine cou- 
plings are weak (24). The linewidth (<1 mT) is 
incompatible with metal ions and analogous 
to the signals reported for radicaloids (20-22). 
Simulation with a spin S = 1 in the high- 


exchange limit provides excellent agreement. 
Interestingly, no half-field signal is observed, 
nor any fine structure, possibly indicating a 
curvature-induced spin-orbit coupling higher 
than our accessible energy scale (25), as is the 
case for the curvature displayed by 1. The 
integrated EPR signal decreases rapidly on 
lowering TJ and levels off at ~90 K, below 
which temperature Ib is selectively address- 
able (Fig. 2C). Fitting with the Bleaney-Bowers 
equation (77) plus a paramagnetic species indi- 
cates that ~2% of the molecules are Ib and that 
1 has an antiferromagnetic 2J = 50 + 2meV. 
The quantum evolution of a spin is often vi- 
sualized as a movement over the Bloch sphere: 
Zenith positions indicate pure |1/2) and |—1/2) 
states, and any possible quantum state |o) = 
cos (3) | 4) + e’®sin (2) |— 4) is represented by a 


point on the spherical surface. The spin-flip 
time, 7), represents vertical displacement (var- 
iations of 3), whereas the evolution of the 
quantum phase ¢ is described by the azimuthal 
movement and the associated time 75. We 
measure 7, with inversion recovery (26) and 
a lower bound of T, that also contains spin- 
and spectral-diffusion effects that are absent 
in single-molecule measurements, called 7,,, 
by the Hahn-echo sequence (Fig. 3A). The 
coherence times of the two species, when 
discernible, are hereby labeled 7,,; and Typ. 
We fit the spin recovery via a biexponential 
function (Fig. 3B and supplementary materials) 
and the Hahn-echo decay with the function 


(a) =Yolte + Gye (6) Je, 
Y(t) is the echo signal, Yo = Y(t = 0), and 


where 
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Fig. 2. Polycyclic aromatic radicaloids. (A) Synthesis of 1, including the monoradical S 
1b, produced by incomplete dehydrogenation in the final step. (B) EPR spectrum of 2 
1 (blue) and simulation (black). B, static magnetic field. (C) Temperature-dependence of it 
the integrated EPR intensity (circles), fitted to a Bleaney-Bowers equation (black line). 1 
The bottom panel displays the signal fraction € produced, at every temperature, by 1 (blue) and wo | 1b 1 
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Fig. 3. Spin-lattice and coherence times. (A) Pulse sequence used for the 
detection of the spin-lattice (azure) and coherence (green) times, together 
with a Bloch sphere representation. tiny, recovery time. (B) Example of signal 
recovery, from which T, is extracted (T = 100 K; line is fit to the data, 

see text). (©) Hahn-echo intensity versus delay time, from which T,, is extracted 
(T = 100 K; line is fit to the data, see text). (D) Temperature dependence of 
the inverse spin-lattice relaxation time (top) and of the spin coherence time 


Lombardi et al., Science 366, 1107-1110 (2019) 29 November 2019 


(bottom) in powders (blue full circles), toluene (green half-filled circles), 
d-toluene (blue open symbols), and CS» (green open symbols). Circles represent 
1, and pentagons represent 1b. Arrows and full hexagons represent values 

with nuclear decoupling (Fig. 4). Errors are smaller than the symbols. Lines for 
T, are fits to the data (see text), with the different dynamic regimes shaded. 
Lines for T,, are guides to the eye. Vertical dashed lines indicate the freezing 
temperatures of toluene and CS>. 


2 of 4 


6L0z ‘| 4equieseq UO /bio beweouelds'eoua!0S//:d}Jy Wo pepeojuMOg 


RESEARCH | REPORT 


Fig. 4. Rabi oscillations and A 
nuclear demodulation. (A) Pulse 


Free precession 


sequence for the measurement of 
Rabi oscillations. The nutation 
pulse length T,, is tuned so as to 
vary the azimuthal position on the 
Bloch sphere, followed by detection. 
(B) Echo intensity versus T,, at 


different pulse powers (T = 80 K). 
Black lines are fits to the data. 

(C) Spectral composition of the time- 
domain data showing the quadratic 
dependence of the Rabi frequency on 
the microwave power (dashed) and 
the power-independent *H frequency. 


Echo Intensity 


(D) Pulse sequence used to pro- 
gressively cancel the dephasing D 
effect of all nuclei (orange) with 

Larmor precession time t,, leading to 


multiple echoes. (E) Echo signal 
decays at T = 120 K without (brown 
represents d-toluene, and orange 
represents CS,) and with nuclear 
decoupling, with interpulse spacing 


m 


» » 
wl}. 


» wir ® |’ 
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t, = 840 ns for d-toluene (blue) and 
Tt, = 680 ns for CS» (green). The 
corresponding coherence times are 
reported beside the curves. 


Echo Intensity 


&, and & = 1- &, are the weights of 1 and 
Ib, from Fig. 2C. 2 = [1+ Aysin(2t + @,) + 
kgsin(4@t + @2)] does not affect the extracted 
decoherence, describing the modulation at a 
nucleus-specific frequency w/2n = 14.8 MHz 
for ‘H and 2.4 MHz for 7H, with amplitudes x, 
and k, and phases ¢, and @, for first- and 
second-order effects (Fig. 3C). Good agree- 
ment is always found with stretching param- 
eter 0.9 < xv < 1(27). 

The spin environment strongly affects both 
T, and Ty: For example, the coherence time of 
anionic nitrogen-vacancy-pair defects is se- 
verely suppressed when in close proximity to 
the diamond surface (28). Hereafter, we thus 
assess the behavior of 1 and Ib in crystalline 
powders and toluene, deuterated-toluene, and 
carbon disulfide (CS,) solutions (Fig. 3D). 

For powders, T; increases from 1 ps at room 
temperature to 100 us at 5 K, in overall agree- 
ment with semiconductors (29, 30). Both spec- 
tral diffusion and intermolecular electronic 
effects, such as n-stacking interactions, likely 
limit 7; in such a closely packed arrangement 
in the solid state, and dissolution into solvents 
produces a 1000-fold increase in 7;, up to 1s at 
5 K. In solutions, 7; is limited by molecular 
tumbling and increases only slightly on lower- 
ing T. At lower temperatures (170 K for toluene 
and 160 K for CS,), the solvents turn into a 
glassy matrix and a two-phonon Raman pro- 
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Tint = 80 ps 


20 


: 40 
Time (us) 


cess becomes dominant down to 15 K, below 
which direct processes dominate the spin-flip 
mechanism. Good agreement (Fig. 3D) is ob- 
tained with the expression T;! = AgrT + 


9 
Asin (4) (i T° e*/(e* — 1)’da, where A; are 


weights for the two processes and 8p is the 
Debye temperature (J/). In the solid state, 
= = land Y(t) is monoexponential, yielding 
Tm ~ 300 ns in the whole T range. Dipolar and 
hyperfine interactions cannot be solely respon- 
sible for the decoherence mechanism; were this 
true, 7,, would increase and approach the 
CS, solution value below 80 K, where only 1b 
contributes, and a modulation of the echo 
decay would be observed (e.g., as in Fig. 3C). 
Decoherence is likely driven by electron-electron 
scattering along the 2-stacks, which are broken 
up by solvation. In this sense, these molec- 
ular systems behave differently from very- 
large-bandgap semiconductors—for example, 
diamond—and rational chemical design elim- 
inating the n-stacking interactions could im- 
prove the solid-state coherence. 

The suppression of stacking by solvation in- 
creases T,, more than 30-fold, and reduction 
of the solvent nuclear bath by deuteration and 
by CS, produces a further increase. Several T,,- 
limiting mechanisms can be identified. Above 
the solvent freezing point, = = land Y(t) is 
monoexponential, because molecular tumbling 


29 November 2019 
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limits both 7,, and 7;. Upon freezing, = reveals 
hyperfine modulation by *H and 7H and no 
modulation for CSj, showing dominant solvent 
hyperfine coupling. In toluene, Y(t) is always 
monoexponential, whereas in d-toluene and 
CS., the suppression of solvent H-hyperfine 
interactions allows for resolving both T,,, and 
Tmip, and Y(t) is biexponential wherever 
1and 1b coexist. 7,,;, displays a maximum, 
with the low-T behavior dominated by de- 
coherence via intramolecular hyperfine cou- 
pling and modulated by the progressive 
blocking of the methy] rotational motion (37). 
In d-toluene, 7,,; is found to rise steadily up 
to 28 us at 80 K, and in CSg, the same trend is 
found but with much improved times, with 
Tm reaching 0.1 ms at T = 90 K. 

To verify that the spins can be initialized 
into an arbitrary superposition of states, we 
performed nutation experiments (Fig. 4A), 
detecting Rabi oscillation decays (Fig. 4B) 
(32). Fourier analysis confirms the quantum 
behavior, with the Rabi frequency propor- 
tional to the square root of the applied power 
(Fig. 4C). Because 2J ~ 10 THz is much higher 
than the 10- to 100-MHz driving, which is in 
turn much higher than the axial spin aniso- 
tropy, no unusual evolution of the Rabi is 
expected (33), as is indeed observed. This 
analysis also indicates how to improve coher- 
ence: The power-independent peak at 14.8 MHz 
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corresponds to the ‘H Larmor frequency, mean- 
ing that microwave initialization pulses can 
also drive and decouple the nuclei—for exam- 
ple, by a train of n-pulses, with interpulse in- 
tervals t, that are multiples of the inverse of 
the nuclear Larmor frequency, 1/v;,, (Fig. 4D) 
(34). In d-toluene, decoupling from the sol- 
vent nuclei yields a fivefold improvement, pro- 
ducing times comparable to those in CS, (e.g., 
Tm = 38 us and T,,; = 260 us at 80 K). The 
role of the intramolecular hyperfine interac- 
tions is revealed by decoupling from the 
molecular hydrogens in CS: We observe a 
threefold increase of the coherence, up to Ty = 
290 us at 80 K. At room temperature, the de- 
coupling allows for reaching T;,, = 2 us, close to 
the maximum attainable limit 27; = 4.5 us. 
These observations confirm experimentally 
the possibility of superior quantum perform- 
ance in carbon-based nanostructures. The co- 
herence times, although still below those of 
defects implanted deep into bulk semicon- 
ductors (J, 2, 35) and semiconducting quan- 
tum dots at millikelvin temperatures (36), 
outshine the latter at high temperatures and 
show overall agreement with predictions for 
graphene quantum dots with >10 nuclear spins 
(37). Although the quantum performance al- 
ready beats the quantum behavior of diamo- 
noids and shallowly implanted defects (25), 
there is ample room for optimization: The 
measured room-temperature values are lim- 
ited by tumbling in the solvent, and very basic 
optimization—for example, by immobiliza- 
tion in an oriented diamagnetic matrix or on 
surfaces—is likely to produce large improve- 
ments. These results can now be used to re- 
consider the quantum magnetic states of 
graphene devices, where spins are introduced 
by similar defects (38). Chemical inclusion 
into conducting nanostructures, such as nano- 
ribbons and graphene sheets, or fusing several 
molecules into double and multiple quantum 
dots, opens the path to using quantum effects 
in the next generation of optoelectronic, 
electric, and bioactive systems. When con- 
sidering the body of work already dedicated 
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to the integration of similar molecules into 
electronic devices and biologically relevant 
environments (78), these outcomes appear 
well within grasp. Optical detection and ma- 
nipulation are particularly appealing—for ex- 
ample, via the observed single-photon emission 
(16)—and we may anticipate that these systems 
will evolve soon into synthetic analogs to op- 
tically active quantum centers in semicon- 
ductors. In this sense, it is crucial that these 
observations offer a rational synthetic path- 
way to add any desired functionality to a 
graphene quantum unit, opening up an un- 
precedented multitude of options for the optics 
and magnetism of quantum nanomaterials. 
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Direct observation of bimolecular reactions of 


ultracold KRb molecules 


M.-G. Hu??3*, Y, Liu?3*, D. D. Grimes??°, Y.-W. Lin'?, A. H. Gheorghe’, R. Vexiau‘, 
N. Bouloufa-Maafa‘, O. Dulieu*, T. Rosenband?, K.-K. Ni¢?>+ 


Femtochemistry techniques have been instrumental in accessing the short time scales necessary to probe 
transient intermediates in chemical reactions. In this study, we took the contrasting approach of 
prolonging the lifetime of an intermediate by preparing reactant molecules in their lowest rovibronic 
quantum state at ultralow temperatures, thereby markedly reducing the number of exit channels 
accessible upon their mutual collision. Using ionization spectroscopy and velocity-map imaging of 

a trapped gas of potassium-rubidium (KRb) molecules at a temperature of 500 nanokelvin, we directly 


observed reactants, intermediates, and products of the reaction *°K®’Rb + “°K®”Rb — K,Rb2* — Ko + Rbp. 


Beyond observation of a long-lived, energy-rich intermediate complex, this technique opens the door to 
further studies of quantum-state-resolved reaction dynamics in the ultracold regime. 


he creation of ensembles of molecules at 

ultralow temperatures enables a variety 

of high-resolution spectroscopic studies, 

allows broader exploration of reaction 

phase space, and promises quantum-state 
control over the outcome of chemical reactions. 
Already, investigations of single partial-wave 
collisions have provided detailed benchmarks 
of short-range molecular potentials (J, 2), ex- 
otic conditions at low temperatures have facil- 
itated the synthesis of new chemical species 
(3), and highly sensitive and precise methods 
of detection have traced state-to-state reactions 
between atoms and weakly bound Feshbach 
molecules (4). Further, chemical reaction rates 
for barrierless reactions can be altered (5, 6), in 
some case by orders of magnitude, merely by 
changing the nuclear spins of the reactants 
and entering quantum degeneracy (7). These 
studies all rely on the substantial control at- 
tainable over the quantum states of the ultra- 
cold molecules. 

Despite recent advances in ultracold mole- 
cule studies, a key capability has been missing: 
namely, characterization of transient reaction 
intermediates and final products. Previous ex- 
periments have shown evidence of ultracold 
reactions between bialkali molecules through 
the quantum-state-specific detection of loss of 
reactants (5), similar to that shown in the inset 
to Fig. 1, providing insights into how long- 
range forces determine the kinetic collision 
rates of the reactants. These reactions have 
been observed to occur with a high probability 
after just a single collision, approaching unity 
in certain cases (5, 8, 9). Despite tour-de-force 
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levels of control over the precise rovibrational 
quantum state of the reactants to open up 
additional energetically allowed reaction chan- 
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nels, no substantial differences based on the 
reactant species or initial quantum state have 
yet been observed (8, 9), and the nature of the 
molecular loss is still a matter of debate (10). 
When two molecules approach one another, 
they initially form an energy-rich intermediate 
collision complex, the dynamics of which 
could hold the key for understanding the 
details of the ensuing ultracold, barrierless, 
bimolecular reactions. In higher-temperature 
reactions, this transient complex persists for 
only one or two vibrational periods and, at 
most, on the order of a rotational period (~1 ps) 
(11, 12). Studying the dynamics or kinetics of 
such complexes in the gas phase has typically 
required ultrafast (13-17) or stabilizing collisional 
(18-20) techniques. Structural investigations 
of these complexes have been previously ob- 
tained by photodetachment (2/, 22), photo- 
absorption (23), or photodissociation (24). 
On the basis of the Rice-Ramsperger-Kassel- 
Marcus (RRKM) theory, the lifetime of an in- 
termediate complex is given by t. = 2np,/No, 
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Fig. 1. Energetics of the bimolecular reactions of ultracold KRb molecules. The ground-state energies 


are obtained from spectroscopic data for KRb (28), Kz (38), and Rbz (39) and from calculation for 

KRbz, KeRb, and KeRbe at the equilibrium configuration (40). Here, we define the incident energy of two 
free KRb molecules as zero energy. Because the energies of the triatomic reaction channels are much 
higher than those of the reactants, these channels are energetically forbidden. In comparison, the tetratomic 
reaction channel KRb + KRb — K2Rb2* — Kz + Rb is exothermic and therefore energetically allowed. 
K2Rb2* denotes the transient intermediate complex. p,(E) is the density of states of K2Rb2* near the incident 
energy E. Two isomers of KaRb2 with Do, and C,; symmetries connect to the KRb + KRb and Kp + Rb» 
dissociation limits, respectively. N, is the number of exit channels that consist of all combinations of 
quantum states of Kz and Rb2 that have a total energy below E. The inset (at top left) shows the 

number decay of KRb molecules measured by ionization detection. Each data point is accumulated over 


300 experimental cycles. The error bars denote shot noise. The black curve is a weighted fit to the two-body 
decay model used in (5), with a root mean square error (RMSE) of 1.37. 
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where p,(£) denotes the density of states of 
the intermediate complex near the incident 
energy FE, and N, is the number of energeti- 
cally allowed exit channels (Fig. 1). Preparing 
reactant KRb molecules in the pure rovibronic 
ground state in the ultralow-temperature re- 
gime tightly constrains the number of energe- 
tically allowed exit channels, greatly extending 
the lifetime of the intermediate complex. For 
reactions between bialkali molecules, depend- 
ing on the species, t. has been estimated to be 
on the order of hundreds of nanoseconds to 
microseconds (25, 26), which makes direct 
observation of the complex a possible goal. 
However, no such observations have been made 
because all previous work has been based on 
the observation of loss of reactants. Direct 
multispecies detection methods are necessary 
to fully describe the details of these ultracold 
reactions (27). 

Here, we report the direct detection of a 
predicted intermediate as well as products in 
the ultracold chemical metathesis reaction 
40K87RD + *KSRD S KyRbo* > Ky + Rbo 
(Fig. 1) (25, 26). In our study, we combined 
precise quantum-state preparation of the 
ultracold reactants with an ionization-based 
detection method that allows for direct and 
simultaneous detection of reactants (KRb), in- 
termediates (K,Rb,*), and final products (Ky 
and Rb»). 

We began by implementing an established 
protocol (28) to create an optically trapped 
gas of v=0,N =0,X yy ground-state KRb 
molecules. Here, v and N are the vibrational 
and rotational quantum number of the mole- 
cules, respectively. In brief, ultracold K and Rb 
atoms are first converted to weakly bound 
molecules with 20% efficiency by a magnetic 
field sweep (1.4 ms) through a Feshbach reso- 
nance at 546.62 G (29). Then a pair of Raman 
beams is applied in a stimulated Raman adia- 
batic passage (STIRAP) (30) pulse sequence 
(4 us) to coherently transfer the weakly bound 
molecules into a single hyperfine state of the 
rovibronic ground state with 85% efficiency. 
Residual Rb and K atoms are removed 8 us 
after the STIRAP pulse sequence. The atom- 
to-molecule transfer is mostly coherent and, 
therefore, can be reversed with high effi- 
ciency. To detect the ground-state KRb mol- 
ecules, a reversed STIRAP sequence is applied, 
followed by absorption imaging on an atomic 
transition (Fig. 2A). Typically, 5 x 10? KRb 
molecules are created at 500 nK, with a peak 
density of 10 cm™’, and trapped by a crossed 
optical dipole trap (ODT) at a laser wavelength 
of 1064 nm. 

Because the absorption imaging detection 
is tied directly to the quantum-state-specific 
STIRAP transfer, it is sensitive to only the 
KRb molecules in the STIRAP populated quan- 
tum state. To probe chemical reaction products 
and the intermediate complex, we chose a 
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Fig. 2. Schematic of our ultracold chemistry apparatus. Ground-state KRb molecules at 500 nK are 
trapped by a crossed optical dipole trap. (A) Absorption image of KRb molecules. The colorbar indicates 
the optical depth of the KRb cloud. CCD, charge-coupled device. (B) The trapped molecules are surrounded 
by VMI ion optics (31), which consist of a series of disk-shaped electrodes. We use a pulsed UV laser to 
photoionize the molecules. B, magnetic field. (©) Example TOF spectrum, which can be converted to a mass 
spectrum using the following relation: mass = 0.16248(u/us") x TOF? (where u is the unified atomic mass 
unit). (D) For each species identified in the mass spectrum, we also obtain a VM image from which the 


momentum distribution can be inferred. 


more general detection method that entailed 
photoionization of neutral reaction species 
into bound molecular ions, acceleration of the 
ions in an electric field, and measurement of 
their arrival time and position on a multichan- 
nel plate (MCP) (Fig. 2C). By combining mass 
spectrometry and velocity-map imaging (VMI) 
(31) in our ultracold molecule apparatus, we 
could thereby identify reacting species and 
study reaction dynamics. 

We performed three separate experiments 
to probe the reactants, intermediate complex, 
and products of the ultracold reaction. The 
detection procedure worked as follows: After 
KRb creation but before the ionization pulse, 
we ramped the magnetic field down to 30 G 
within 15 ms to reduce subsequent Lorentz 
forces that might deflect ions away from the 
detector, housed 1 m downstream. We then 
applied an ultraviolet (UV) ionization pulse 
while simultaneously triggering the MCP to 
record ion signals. For the detection of re- 
actants and products, we chose a photoioni- 
zation wavelength of 285 nm, which is above 
the ionization threshold of KRb, K, Rb, and 
any species composed of combinations of 
multiple K and Rb atoms (table S1). For the 
detection of the intermediate complex, the 
wavelength was varied over a range of 285 to 
356 nm. To avoid space-charge effects, the 
laser power was kept low enough to ensure 
that, at most, one ion was generated per UV 
pulse. The ODT was switched off for a variable 
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time period during and before the ionization 
pulse to preclude its influence on the chemical 
reaction, the lifetime of the intermediate col- 
lisional complex, and the photoionization pro- 
cess. We repeated this detection procedure at 
1 kHz for the reactant and product detection 
(see timing diagram in fig. $1) and at 7 kHz for 
the intermediate complex detection. The mass, 
and thereby elemental composition, of each 
detected ion could be inferred from its time of 
flight (TOF), whereas the momentum of the 
ion was mapped through its location on the 
VM image (32). 

To demonstrate the ionization detection 
capability in our ultracold molecular appara- 
tus and to gain information beyond absorp- 
tion imaging, we first probed the trapped 
KRb molecules in the ODT (Fig. 2, C and D). 
As expected, the dominant signal results from 
KRb*. The VM image for the KRb* signal has 
a width limited by the detector resolution, 
consistent with the negligible translational 
energy in the ultracold regime. Measurable 
amounts of Rb’ and K* were also detected. 
The VM images for K* and Rb* both show 
two distinct components: an isotropic central 
peak and an anisotropic ring. The ions form- 
ing the central peak originate from residual 
ultracold atoms from the molecule-creation 
process after the cleanup pulses. On the basis 
of the known ionization cross sections and 
estimated ion detection efficiencies (table S1), 
we put an upper bound of 250 atoms of each 
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Fig. 3. Identification of the reaction 
products. (A) Mass spectrum of 

the reaction products ionized by 285-nm UV 
aser pulses. Color-coded ion signals 
correspond to species associated with 5 
the reaction of two KRb molecules com- 
pared with the ionization background 

(the green trace). Noise ions that show 

up in both the signal and the background 
spectra have no appreciable effect on 

the ion signals of interest (section S6). m/z, 
mass/charge ratio. (B) Geometries of 

the relevant beams with schematic repre- 
sentations of the reactants and products 
superimposed. The Gaussian beam spot 

in the center is the ODT and the ring 
surrounding it is the ionization beam. 

(C to E) TOF data for the KRb*, K2*, and 
Rb" ions, respectively. The red curve in 
(C) is a time resolution-limited Gaussian 
to describe TOF line shape for the ions 
generated in the center, whereas the curves 
in (D) and (E) are simulated TOF line 
shapes for the ions generated in the ring. 
For the simulation, we use physical param- 
eters of our system such as the diameter of 
the hollow-bottle beams (0.45 mm), the 
intersection angle of the two hollow beams 
(40°), and the VMI electric field (section 
S3). The only fitting parameter in this model 
is the overall amplitude of the signal. 

(F to H) Momentum distributions of the 
KRb*, Ko", and Rb" ions, respectively. 
White solid circles represent the active area 
of the detector; yellow dashed circles 
represent the momenta corresponding to 
10.4 cm™ of translational energy. 
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species in the trap. These populations are 
small compared with the KRb population, 
ensuring that the dominant reaction in the 
subsequent study is the desired bimolecular 
reaction. The sensitivity of ionization detec- 
tion allowed us to quantify the small number 
of residual atoms in the ODT, which are not 
detected through absorption imaging. To anal- 
yze the Rb* ions that form the ring pattern, 
we extracted the translational energy release 
(TER) from the diameter of the ring to obtain 
a TER of 8.3 x 10? cm™. By comparing this 
TER to the calculated molecular potentials 
of KRb and KRb* (33), we identified a two- 
photon dissociative ionization pathway that 
contributes to this atomic ion signal. The same 
analysis also applies to the ring pattern of the 
K" ions (fig. S3). 

After KRb molecules are created, the bi- 
molecular reaction occurs continuously with 
a measured decay rate coefficient of 7.6(3) x 
10°” cm?/s until the reactants are depleted 
(Fig. 1, inset), consistent with previous studies 
(5). To probe the products of the bimolecular 
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reactants during ionization, we shaped our 
ionization beam into a “hollow bottle” (Fig. 
3B) with the laser intensity concentrated in 
a ring outside of the ODT to keep the reac- 
tants in the dark; the measured intensity con- 
trast between the peak and center of the beam 
was 500 (32). To further reduce the hollow 
volume for higher-efficiency ionization, we 
crossed two hollow-bottle beams at a 40° 
angle centered on the ODT (32). To observe 
the bimolecular reaction without the possible 
influence of the ODT light, we shut off the 
ODT for 170 us before each ionization pulse, 
thereby precluding any role of the ODT in 
the formation of all but those products with 
translational energy <0.0127 cm’ (34). 

The dominant peaks in the mass spectrum 
(Fig. 3A) are again K*, Rb*, and KRb’, pri- 
marily from photoionization of trapped KRb 
molecules by the residual intensity at the cen- 
ters of the hollow-bottle beams. Aside from 
these dominant peaks, we can clearly identify 
ions corresponding to the masses of K,* and 
Rb,". All peaks aside from these five species 
appear with comparable intensities in a back- 
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ground spectrum (green trace) taken in the 
absence of ultracold atoms and molecules. 
We postulate that K,* and Rb,* come from 
direct ionization of the reaction products Ky 
and Rb, (Fig. 1). To support such an assign- 
ment, we draw evidence from the TOF line 
shapes and the VM images. The TOF line 
shapes characterize the spatial origin of the 
ions in the ionization beam. The KRb* line 
shape (Fig. 3C) is sharp and described well by 
the time resolution-limited Gaussian for ions 
that originate from the central part of the 
hollow ionization beams, which coincides with 
the position of the ODT. K,* and Rb,” share 
similar TOF line shapes, as shown in Fig. 3, D 
and E, which are much wider than that of 
KRb*. The simulated line shape (with only total 
amplitude as a free parameter; see section S3 
in the supplementary materials) based on the 
beam geometry for particles ionized by the 
ring portion of the hollow ionization beams 
matches well to the data, which supports the 
assignment that these signals are from reac- 
tion products escaping the central KRb cloud. 
The presence of a center peak in Fig. 3E that 
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Fig. 4. Direct detection of the intermediate complex K,Rb2*. (A) (Inset) 

VM image of detected KRb2" ions (using an ionization laser wavelength of 285 nm). 
For each wavelength, R* is extracted from such an image, where R is the Gaussian 
width of the ion spatial distribution and R? is proportional to the TER. The measured 
TER of the KRb," ions is plotted versus the ionization photon energy. Error bars 
denote the standard deviation of the mean (standard error). Fits are described in 
section S5. The solid line is an unweighted linear fit to the data above 2.9 x 10* em, 
with a RMSE of 1.44, from which an experimental dissociative ionization threshold 
wavelength of 345 + 4 nm is determined. (B) Calculated threshold wavelengths 
of the direct photoionization and dissociative ionization of the intermediate 


complex. The energies for the dissociative ionization thresholds are those 
corresponding to the equilibrium geometry of the ionic complex (table S1) and 
are therefore lower bounds on the ionization energy. (©) TOF mass spectrum 
produced using an ionization laser wavelength of 356 nm. (Inset) Corresponding 

VM image of the detected K2Rb2" ions. The yellow dashed circle corresponds to 
10.4 cm”. We do not observe any species larger than K2Rb2, up to m/z = 1500. 
(D) K2Rb,* counts are plotted against tor, where tor denotes the length of ODT 
off-time before UV photoionization. Error bars include shot noise and 10% 
molecule number fluctuations. A weighted linear fit (blue line) with a RMSE of 
1.17 determines a slope of —0.2 + 0.2, consistent with a zero value. 


is not captured by the simulated curve is 
likely due to the product ionization at the 
center of the hollow beams, where the beams 
are not perfectly dark. We also rule out the 
role of ion-neutral reactions, owing to their 
negligible estimated rates (section S4). 

In addition to the mass spectrometry of 
the K,* and Rb,” ions, we simultaneously re- 
corded the momentum distribution of the Ky* 
and Rb,* ions with VMI (Fig. 3, G and H). To 
characterize the radius of the distribution, we 
performed Bayesian fits (section S5) to the im- 
ages, assuming a circular Gaussian density on 
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a flat background with uninformative priors. 
The radius of K,* (or Rb,") corresponds to a 
translational energy of 0.59 cm” (0.29 cm”), 
well above the MCP resolution of 0.02 cem™. 
The ionization process of Ky (Rb2) would im- 
part to the resulting ion a photon recoil energy 
of 0.0159 cm (0.0112 cm™), too small to sub- 
stantially affect the momentum distribution of 
the ions. Therefore, the measured Ky* and Rb,* 
translational energies closely resemble those of 
their parent neutrals. The sum of measured 
translational energies is smaller than the ex- 
othermicity, 10.4. cm’, of the bimolecular KRb 
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reaction (Fig. 1). Further, their translational 
energy ratio, 0.49 + 0.06, is consistent with the 
expected ratio, 0.46, originating from two dif- 
ferent mass products flying apart with zero 
center-of-mass momentum. This finding pro- 
vides further evidence to support the identifi- 
cation of K,* and Rb,” ions as arising from 
ionization of the products of the KRb + KRb 
chemical reaction. 

Next, we focused on the transient inter- 
mediate collision complex, K,Rb.*. To observe 
the complexes that by conservation of momen- 
tum should exist only in the vicinity of the 
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reactants, we shaped the UV ionization beam 
into a Gaussian beam profile. After data accu- 
mulation, we observed signals consistent with 
the masses of K,Rb* and KRb," (fig. $2). On 
the basis of their VM images, which show 
large translational energies (Fig. 4A, inset), 
we hypothesize that these ions are from dis- 
sociative ionization of KRbo . To substantiate 
this idea, we varied the wavelength of the ion- 
ization beam to determine the relationship 
between the translational energy of the tri- 
atomic ions and the energy of the photon. We 
found that the characteristic translational en- 
ergy associated with the KRb.* ion decreases 
as the ionization energy decreases. The ion- 
ization energy where the translational energy 
becomes zero (at 345 + 4.nm) agrees with our 
theoretical predictions (846 + 2 nm) of the 
dissociative ionization threshold for the tran- 
sient intermediate, K,Rb.* + hv > KRb,* + K 
(4s) + e (A, Planck’s constant; v, photon fre- 
quency; e , electron). 

These theoretical calculations of ionization 
threshold energies of diatomic, triatomic, and 
tetratomic K- and Rb-containing molecules 
(Fig. 4B) are based on the same methodology 
used in (35) and references therein. Briefly, 
each alkali-metal atom was modeled as a one- 
electron system in the field of an ionic core (K* 
or Rb*). We used a semiempirical effective 
core potential plus a core polarization poten- 
tial to represent the correlation between the 
valence electron and the core electrons (32). 
The K,Rb* and KRb," triatomic ions were 
modeled as two-valence electron systems and 
the K,Rb,* ion as a three-valence electron 
molecule. In the framework of such a sim- 
plification, the ground-state potential energy 
surface can be obtained with good accuracy 
via the diagonalization of the full electronic 
Hamiltonian (i.e., full configuration interac- 
tion) expressed on a large Gaussian basis set. 
For all molecular and atomic species, the en- 
ergies were computed with respect to the same 
origin—namely, the energy of the four cores 
(K* + K* + Rb* + Rb”). This allowed for the 
determination of transition energies between 
different species. 

To directly observe the transient intermed- 
iate complex K,Rb.*, we tuned the wavelength 
of our ionization laser to 356 nm, with energy 
well below the lowest dissociative ionization 
channel. Figure 4C displays a mass spectrum 
obtained with ionization at 356 nm, and a 
strong signal of K,Rb,’ is evident. Notably, the 
ionization process transforms the transient 
intermediate into a bound molecular ion that 
has no energetically allowed dissociation chan- 
nel (Fig. 4B) and can therefore survive its flight 
to the MCP. Although we have not yet directly 
measured the lifetime of the complex, owing to 
the technical challenges of precisely establish- 
ing a zero of time, the signal strength of our 
direct observation enables an estimated life- 
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time of 350 ns (or 3 us), assuming the ioni- 
zation cross section of the KyRb» intermediate 
complex is 10 Mb (or 1 Mb). This cross section 
has not been reported in the literature. 

The origin of the observed intermediate com- 
plex has been the subject of previous debate 
(10, 25). The long-lived transient complex 
could potentially collide with another KRb, 
causing the prior’s decay into a deeply bound 
K,Rb, molecule and leading to the conversion 
of its internal energy into a large, observable 
TER (25, 26). In contrast, we observe a detec- 
tor resolution-limited small momentum dis- 
tribution of the K,Rb,* ions (Fig. 4C, inset), 
consistent with the zero-momentum transient 
intermediate. 

Moreover, because the reactants are trapped 
in the ODT, a light-assisted process could be 
a competing, confounding factor, as suggested 
by Christianen et al. (10). To examine the role 
of the ODT on the detected intermediate com- 
plex, we varied the time that the ODT was 
switched off before ionization from 1 to 70 us 
(see inset of Fig. 4D). If the ODT contributed 
to the formation of deeply bound K,Rb, mole- 
cules, which have no radiative decay pathway 
and only potentially leave the probed volume on 
a millisecond time scale if untrapped, K,Rb» 
would steadily build up in concentration in 
the presence of the ODT. As a result, the con- 
centration of K»Rb. should decrease mono- 
tonically as the ODT off-duration increases. 
Instead, we find that the yield of K,Rb,* ions 
has no monotonic trend with the ODT off- 
duration (Fig. 4D). This result is evidence that 
the intermediates we observe are formed upon 
collision of two KRb molecules, with no notable 
effect from the ODT. 

The direct observation of 2KRb — K,Rb.* > 
K, + Rb, opens numerous possibilities of ex- 
ploring the detailed role of quantum mecha- 
nics in ultracold chemical reaction dynamics 
by measuring the lifetime of the intermediate 
complex (25, 26), testing the transition from 
quantum to semiclassical reactions (36), and 
resolving the quantum states of the reaction 
products (37) and the intermediate. 
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ELASTOCALORICS 


Fatigue-resistant high-performance elastocaloric 
materials made by additive manufacturing 


Huilong Hou!, Emrah Simsek?, Tao Ma”, Nathan S. Johnson*, Suxin Qian‘, Cheikh Cissé?, 
Drew Stasak’, Naila Al Hasan’, Lin Zhou, Yunho Hwang”, Reinhard Radermacher®, 
Valery |. Levitas”®”, Matthew J. Kramer”*, Mohsen Asle Zaeem®, Aaron P. Stebner®, 


Ryan T. Ott?, Jun Cui2®, Ichiro Takeuchi>?+ 


Elastocaloric cooling, a solid-state cooling technology, exploits the latent heat released and absorbed by 
stress-induced phase transformations. Hysteresis associated with transformation, however, is 
detrimental to efficient energy conversion and functional durability. We have created thermodynamically 
efficient, low-hysteresis elastocaloric cooling materials by means of additive manufacturing of nickel- 
titanium. The use of a localized molten environment and near-eutectic mixing of elemental powders has 
led to the formation of nanocomposite microstructures composed of a nickel-rich intermetallic 
compound interspersed among a binary alloy matrix. The microstructure allowed extremely small 
hysteresis in quasi-linear stress-strain behaviors—enhancing the materials efficiency by a factor of four 
to seven—and repeatable elastocaloric performance over 1 million cycles. Implementing additive 
manufacturing to elastocaloric cooling materials enables distinct microstructure control of high- 
performance metallic refrigerants with long fatigue life. 


pace cooling and refrigeration consume 

about one-fifth of the entire electricity 

demand worldwide (7). Vapor compres- 

sion is a mature technology that dom- 

inates the market, but its efficiency has 
plateaued, and the high global-warming po- 
tential of the refrigerants remains a major 
concern. Solid-state cooling technologies, in- 
cluding thermoelectric (2) and passive radia- 
tive cooling (3), represent attractive green 
alternatives to vapor compression. Particularly 
promising are caloric (magnetocaloric, mecha- 
nocaloric, and electrocaloric) cooling tech- 
niques (4-7), which have the potential to surpass 
the efficiency of vapor compression. Because 
caloric materials enlist active heat-pumping 
through manipulation of their functional prop- 
erties (magnetization, stress-state, and electric 
polarization) (7), they can be exploited for giant 
cooling effects. However, hysteresis in the 
properties is caloric materials’ Achilles heel 
because hysteresis represents work lost in 
every heat-pumping cycle as dissipated heat. 


‘Department of Materials Science and Engineering, University 


of Maryland, College Park, MD 20742, USA. Division of 
Materials Science and Engineering, Ames Laboratory, Ames, 
IA 50011, USA. *Department of Mechanical Engineering, 
Colorado School of Mines, Golden, CO 80401, USA. 
‘Department of Refrigeration and Cryogenic Engineering, 
Xi'an Jiaotong University, Xi’an, Shaanxi 710049, People’s 
Republic of China. °Center for Environmental Energy 
Engineering, Department of Mechanical Engineering, 
University of Maryland, College Park, MD 20742, USA. 
Department of Aerospace Engineering, lowa State 
University, Ames, IA 50011, USA. ‘Department of Mechanical 
Engineering, lowa State University, Ames, IA 50011, USA. 
Department of Materials Science and Engineering, lowa 
State University, Ames, [A 50011, USA. °Maryland Quantum 
Materials Center, University of Maryland, College Park, MD 
20742, USA. 

}Corresponding author. Email: takeuchi@umd.edu 

*Present address: School of Aeronautic Science and Engineering, 
Beihang University, Beijing 100191, People’s Republic of China. 


D 


0 


Hou et al., Science 366, 1116-1121 (2019) 


Hysteresis also ultimately leads to material 
fatigue and failure. Although the long-term 
fatigue properties are critical for developing 
applications for caloric materials, evaluating 
these properties over a large number of cycles 
is not common. 

The martensitic phase transformation of 
shape memory alloys (SMAs) may manifest in 
dramatic temperature-triggered shape change, 
enabling solid-state actuation technologies (8). 
The martensitic transformation can also be trig- 
gered by stress, resulting in superelasticity (9). 
During superelastic cycles, latent heat is released 
or absorbed upon loading or unloading, respec- 
tively, because of the exothermic-endothermic 
nature of the phase transformation. This stress- 
induced heat-pumping of SMAs is elastocaloric 
cooling (10, 11), one type of mechanocaloric 
cooling. Adiabatic temperature change (A714) 
of elastocaloric materials can be as large as 
31.5 K (12), and the largest reported isothermal 
entropy change (AS) of an SMA is 70.7J ke 7K! 
(73). Such unparalleled cooling potential has 
made elastocaloric cooling a front runner 
among the crowded field of alternative cooling 
technologies (/4). Functioning elastocaloric 
cooling prototypes with capacity over 100 W 
have been developed (15), and elastocaloric 
regenerative heat pumps with AT, as large 
as 19 K have been demonstrated by using 
commercially available nickel-titanium (Ni-Ti) 
materials (16, 17). However, thermomechanical 
hysteresis of elastocaloric SMAs can limit the 
efficiency of cooling devices, and its impact 
on long-term performance has not been 
addressed. 

We synthesized elastocaloric materials con- 
sisting of alloy matrix and intermetallic phases 
arranged in nanocomposite microstructures 
using the powder-feed laser-directed-energy 
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deposition (L-DED) technique. This method 
results in a local melting of metal powders 
followed by rapid solidification (18, 79). When 
a Ni-rich blend of elemental Ni and Ti powders 
are mixed during this process, nanocomposite 
microstructures—composed of transforming, 
elastocaloric binary NiTi alloy matrix and a 
nontransforming NisTi intermetallic phase— 
form in a two-phase mixture of comparable 
volume fractions, with intricate dendritic 
structures. This configuration enlists the non- 
transforming intermetallic phase for biasing 
the phase transformation, leading to consid- 
erable improvement in elastocaloric efficiency 
and transformation reversibility through work 
hysteresis minimization. 

The L-DED-produced Ni-Ti nanocomposite 
exhibits substantially reduced hysteresis with 
a quasi-linear stress-strain behavior, resulting 
in a multifold increase in the materials effi- 
ciency, which is defined as the ratio of mate- 
rials coefficient of performance (COP aterials) 
to Carnot COP. We show that the elastocaloric 
thermodynamic cycle of these materials is sta- 
ble over more than a million cycles. In contrast 
to rate-dependent hysteresis commonly observed 
in traditionally processed SMAs (20, 27), the 
hysteresis of the L-DED Ni-Ti nanocompo- 
site is nearly rate-independent (from 0.0002 
to 0.2 s”), facilitating high-frequency elasto- 
caloric operations. We used a constitutive model 
and in situ synchrotron x-ray diffraction ex- 
periments to confirm that their properties 
originate from kinematics of load transfer 
between transforming and nontransforming 
phases. 

The key features of the L-DED process (Fig. 1A) 
are a millimeter-scale molten pool of mixed 
powders and a rapid cooling rate of greater 
than 10° K s* (22). Metal nanocomposites 
made by, for example, melt-casting (23) can 
display a stress-transfer mechanism respon- 
sible for high strength, a desirable attribute 
of functional alloys. Because eutectic solidi- 
fication can naturally lead to the formation 
of composites, we used the eutectic point in 
the Ni-rich composition range (Fig. 1B) of 
binary Ni-Ti to obtain elastocaloric nano- 
composite using L-DED (24). Optimization of 
processing parameters (such as layer thick- 
ness and hatching space) was guided by use 
of a normalized processing map (25) for high 
denseness (~99%) and mechanical integrity, 
and the molten pool temperature in opera- 
tion was maintained to be 1973 to 2173 K, as 
measured in situ with a ThermaViz pyrometer. 
We adjusted the ratio of the flow rate of ele- 
mental Ni and Ti powders to print different 
compositions of Ni-Ti materials in a range of 
geometries (Fig. 1, C to H). 

Rapid cooling of the molten pool during 
L-DED enables precipitation from off-eutectic 
compositions in a volume fraction comparable 
with that of eutectic structures, as predicted 
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Fig. 1. Design of elastoca- A 
loric Ni-Ti nanocomposite 
by directed energy 
deposition. (A) Schematic 
epresentation of an 

L-DED process. Flows of 

Ni and Ti powders are 
individually controlled. The 
Ni and Ti powders are 
mixed and then fed to the 
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fig. S1). (B) Phase diagram 
of Ni-Ti [adapted with 
permission from (53)] 
highlighting in blue the 
Ni-rich composition near a 
eutectic point and the 
molten pool temperature 
used in this work. 

(C to H) Photographs of | 
L-DED-produced Ni-Ti 
nanocomposite rods, 

tubes, and honeycombs in 
[(C), (E), and (G)] top 

and [(D), (F), and (H)] 

front views, respectively. 

(I to K) Scanning electron 
microscopy (SEM) image (I), 
bright-field transmission 
electron microscopy 

(TEM) image (J), and high- 
resolution high-angle annular 
dark-field scanning TEM 
(HAADF-STEM) image (K) of 
as-built Nisz.5Tiag.5/NisTi 
nanocomposite. In (I), the 
regions with different 
contrasts are crystallograph- 
ically identified to be 

NiTi and NisTi phases 

(figs. S2 and S3). In (J), 
typical curved interfaces 

are delineated. In (K) 

(a zoomed-in view of a 
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NigTi phases have an 
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each is slightly off the zone axis because of lattice strains within the interface (fig. S4). (L) Inverse fast Fourier transform (IFFT) image from the circled spot in the 
FFT image [inset; generated from (K)]. Interfacial dislocations are identified and marked with “T” symbols. 


by the Scheil model (22, 26). We observed a 
substantial fraction of precipitates (up to 
=50%) in a wide compositional range of the 
Ni-Ti produced with L-DED (Fig. 1B). Curved 
microstructures can nucleate and grow be- 
cause the temperature gradient (highest at 
the center and lowest at the periphery) of the 
molten pool leads to circulation of mass and 
heat within the pool driven by Marangoni 
shear stress (27), creating local perturbations 
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of solute concentration and equilibrium tem- 
perature (28) on solid-liquid interfaces and 
breaking up the plane front in growth of 
steady-state eutectics. As a result of non- 
equilibrium conditions, a typical micro- 
structure of the L-DED-produced Ni-Ti 
nanocomposite consists of transforming 
NiTi and nontransforming NisTi phases with 
large aspect ratios, curved interfaces, and com- 
parable volume fractions (Fig. 11). The size 
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scale of the microstructure is inversely pro- 
portional to the cooling rate (26), which is 
at least two orders of magnitude higher in 
L-DED than that of casting (~0.1 Ks”), leading 
to a mixture of two phases at a submicrometer 
scale (Fig. 1J). 

Large interfacial curvatures between the 
cubic B2-ordered NiTi phase and the hexag- 
onal D0,4-ordered NigTi phase (Fig. 1J) can 
be naturally accommodated with small lattice 


2 of 6 


Wo, pepeojumoq 


6LOZ ‘| 4equie0eq UO 


RESEARCH | REPORT 


Volume fraction of 
non-transformable 
phase (%) 


mi, 


1200 1500 1200 
Stress level (MPa) 


800 400 0 


A 1600 - Maximum strain (-) B C 
0.015 294 
_ 1200 0.012 S 293 s 
A Oo = 
3 0.009 4 g = 
‘800 © 292 2 
é 3 8 
B E 290 2 
400 r 
290 
0 289 
. 0 500 1000 1500 2000 
Strain (-) Time (s) 
D 
x 
— = 
| 2 
g 8 
2 £ 
2 = 
2 = 
Cc [) 
= > 
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 0 400 800 
d-spacing (A) 
F 1600 G 1600 


/<—Ni-Ti (L-DED) 


Ni-Ti (Melt-casted) 


Stress (MPa) 
Stress (MPa) 


Cu-Zn-Al (Melt-casted) 


0.00 0.01 0.02 0.03 0.04 0.05 


Strain (-) 


0.00 0.01 


Fig. 2. Recoverable behaviors and elastocaloric properties of Ni-Ti nano- 
composite. (A and B) The stress-strain curves (A) and corresponding 
elastocaloric cooling at room temperature (B) of L-DED-produced Nis; 5Tiag.5/ 
Ni3Ti nanocomposite aged at 923 K for 3 hours. The single arrows in (A) denote 
loading, and the double arrows in (A) and (B) correspond to unloading. (C) Simulated 
stress-strain curves from a micromechanics model that accounts for the volume 
fraction of nontransforming phase (insets). (D and E) Synchrotron x-ray diffraction 
patterns (D) during in situ loading and unloading and the (E) determined 
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mismatches to make their interfaces semi- 
coherent. An atomic-scale view of the adjacent 
regions displays strained boundaries (Fig. 1K) 
where interfacial dislocations are located 
(Fig. 1L). Preexisting sites of high nucleation 
potency such as dislocations have been re- 
ported to trigger atomic shearing for nucle- 
ation of martensite (29), in which a nucleation 
energy barrier is lowered [or completely sup- 
pressed in the case of spontaneous growth 
(30)]. These interfacial dislocations inherent 
to the curvatures and additional dislocations 
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induced through mechanical pretreatment 
(fig. S5) therefore serve as preexisting nuclea- 
tion sites to reduce energy barriers for mar- 
tensite during the forward transformation 
and for austenite during the reverse trans- 
formation. In addition, these same nucleation 
sites can act as “micropockets” to accommo- 
date remnant austenite and martensite after 
forward and reverse transformations, respec- 
tively, eliminating the necessity of a barrier- 
overcoming stage for nucleation during cyclic 
loading. After proper self-organization, pre- 
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straining, and prestressing (fig. S5, shake- 
down state), the intricate nanoscale network 
of connected microstructure suppresses the 
dislocation motion (37) and limits transfor- 
mation dissipation, resulting in enhanced cy- 
clic stability. 

The L-DED-produced Ni-Ti nanocomposite 
exhibits quasi-linear behaviors and substan- 
tially reduced hysteresis (Fig. 2A). The full 
strain recovery upon unloading is accompa- 
nied by a cooling A7Tyq (Fig. 2B), a signature 
of martensitic transformation, which reaches 
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Fig. 3. Stability of Ni-Ti nanocomposite over 1 million compression 
cycles and comparison with other reported bulk elastocaloric materials. 
(A and B) Compressive stress-strain curves (A) and elastocaloric cooling (B) 
of L-DED-produced Nis; 5Tiag.5/Ni3Ti nanocomposite aged at 923 K for 

3 hours before and after 1 million cycles. (C) Log-log plot of the dissipated 
fraction of input energy, AE/E, versus sustained compressive cycles for bulk 
elastocaloric materials in this work as well as those reported in the literature. 


4.1 K. In a caloric cooling system, AT,q of 
caloric materials can be boosted into a large 
temperature span across a device by use of 
active regeneration schemes (16, 32, 33). The 
quasi-linear recovery behavior arises from the 
load transfer between the nontransforming 
intermetallic phase and the transforming 
non-load-bearing phase and has previously 
been also observed in melt-casted alloys after 
aging and/or cold-working (23, 34, 35). The 
effective modulus of the L-DED-produced 
Ni-Ti nanocomposite (~80-90 GPa) is higher 
than the typical austenite (~50 to 60 GPa), 
which indicates the effect of the nontrans- 
forming intermetallic NizTi phase in the 
nanocomposite. As a result, as the austenite 
transforms to martensite, the intermetallic 
phase continues to carry the load elastically, 
and the resulting overall behavior is quasi-linear. 
To confirm this mechanism, we simulated the 
crossover from a regular superelastic to quasi- 
linear behavior by varying the volume fraction 
of nontransforming intermetallic phase and 
observed the appearance of quasi-linear behav- 
ior at a level of 40, 50, and 60% (Fig. 2C). 

The small hysteresis we observed is due to 
the topology- and defect-controlled kinemat- 
ics of numerous nucleation events and coales- 
cence, in which spatially dispersed preexisting 
nucleation sites (Fig. 1L) favor continual, heter- 
ogeneous nucleation of a new martensite fol- 
lowed by the sites’ coalescence. The resulting 


volumetric densities of obstacles that austenite- 
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martensite transformation fronts meet in the 
course of transformation are reduced and re- 
quire a decreased amount of frictional work 
to overcome, as observed in Cu-Zn-Al alloys 
(36). Additionally, the intermetallic phase has 
a large volume fraction (~50%) and effectively 
guides the transformation process through 
elastic interaction with the transforming phase. 
This process in turn tempers multiple insta- 
bilities that occur during traditional nucleation 
and fast growth and reduces energy dissipation 
and effective interfacial friction. We captured 
the progression in in situ synchrotron x-ray 
diffraction measurements (Fig. 2, D and E). 

We attributed the commonly observed rate- 
dependent hysteresis (for example, the differ- 
ence in hysteresis curves between Fig. 2, F 
and G) to transformation-related heat in SMAs 
in which surface convection dominates heat 
transfer. From an explicit integral equation 
of the specific dissipated energy AE (which 
is equal to the generated heat) (37), we can 
approximate AE as 


AE = Es, + ATag - AS 


where F£;, is the irreversible specific energy 
that is the generated heat through interface 
friction and As is the specific entropy change 
associated with the phase transformation. The 
AE during a stress-strain cycle manifests itself 
as the hysteresis area (divided by density) and 
increases with enlarged hysteresis. This relation 
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alloy in which the lattice parameters of transformed and untransformed 
phases exhibit exceptional lattice compatibility (42). The straight line is a 
linear fit. The data from both polycrystalline and single-crystal materials are 
included. The numerical values used in this plot, as well as strain amplitude 
and references, are listed in table S1. 


can also explain the nearly rate-independent 
hysteresis we observed in the Ni-Ti nanocom- 
posite (Fig. 2H) in which thermal conduction 
(thermal conductivity ~18 W m™ K”) through 
a large-volume fraction of nontransforming 
phase and surface convection (with convec- 
tive heat transfer coefficient ~4 Wm? K~) 
collectively facilitate effective heat transfer 
and rejection in a transformation cycle. In 
this example, the second term on the right 
of Eq. 1 becomes small owing to the rate of 
heat dissipation approaching the rate of heat 
generation. 

Decreasing E;, contributes to additional re- 
duction in AE. E;, consists of two components: 
Eg, = E- + E, (38), where Ey is the heat dis- 
sipated from frictional work in a transforma- 
tion cycle, and E, is the heat dissipated by 
plastic work within austenite-martensite inter- 
faces because of their coherency loss. Although 
friction is ubiquitous in the propagation of 
austenite-martensite interfaces (39), reduc- 
ing extended interfacial motions by having 
uniformly distributed sites for nucleation and 
coalescence can substantially curtail frictions, 
leading to reduced E;. The resultant minimi- 
zation of E, accounts for the substantial re- 
duction in F;, (Fig. 2H). In other alloy systems, 
relaxing local strain energy associated with 
phase transformation through improving lat- 
tice compatibility was found to lead to con- 
siderable reduction in E, (40-42). FE», remains 
constant at different rates and plays a role in 
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the rate independence of hysteresis in the Ni- 
Ti nanocomposite. 

Thermodynamics of cooling devices dictates 
that small hysteresis during isothermal load- 
ing and unloading in Stirling-like cycles leads 
to high efficiencies (15, 43). However, under 
the same heat-exchange conditions as that of 
the Brayton-like cycle, Stirling-like operation 
cycles require much longer time per cycle 
(leading to reduced output wattage) and ad- 
ditional system components for effective heat 
transfer (43). In comparison, adiabatic load- 
ing and unloading in Brayton-like cycles (44) 
can operate much faster with relatively sim- 
ple heat-exchange systems, albeit suffering 
from lower intrinsic efficiency because of the 
larger hysteresis (Fig. 2G). COP materials in Brayton- 
like cycles are governed by the directly mea- 
sured A7,q with the adiabatic hysteresis, and 
COP materials in Stirling-like cycles are regu- 
lated by the latent heat with the isothermal 
hysteresis, on the basis of thermodynamically 
derived equations with full work recovery 
(24). The hysteresis of the L-DED-produced 
Ni-Ti nanocomposite is extremely small in 
both cycles and has a negligible difference 
(indicating rate independence). With a Carnot 
COP = 37.5 for hot heat-exchanger temperature 
(T,) = 308 K and cold heat-exchanger temper- 
ature (T,) = 300 K, the ratio of COP naterials to 
Carnot COP of the L-DED-produced Ni-Ti 
nanocomposite is ~7 times that of melt-casted 
Ni-Ti for adiabatic Brayton-like cycles (and =4 
times that for isothermal Stirling-like cycles) 
at maximum transformations (Fig. 2H). 

We studied the long-term stability of the 
L-DED-produced Ni-Ti nanocomposite. We 
found that the Ni-Ti nanocomposite is stable 
in its mechanical behavior and elastocaloric 
response for more than 1 million cycles (Fig. 3, 
A and B), indicating its potential for use in 
regular commercial products with a typical 
10-year life [operating at <1 Hz (15)]. This 
performance is in contrast to other cycled 
3D-printed Ni-Ti materials (45, 46). Here, 
small hysteresis enabled by the nanostructured 
Niji reinforcements is one important factor 
responsible for long-term stability. We pre- 
viously showed that by tuning the lattice 
compatibility using stoichiometry in ternary 
alloys, we could minimize hysteresis of mar- 
tensitic transformation and improve its rever- 
sibility to extended numbers of cycles (40, 47). 
However, a comparison of different SMA ma- 
terials revealed that the absolute value of 
hysteresis is not the only determining factor. 
Magnetic SMAs such as polycrystalline Ni- 
Mn-In and Ni-Fe-Ga (table S1) seem to 
deteriorate quickly after a small number of 
cycles (~100), even with a hysteresis area 
as small as 1.2 MJ m~*. For stress-induced 
fatigue, the endurance limit (that is, the 
stress amplitude able to attain a prescribed 
number of cycles, usually 10”, at zero mean 
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stress) is proportional to the ultimate strength 
of materials by a factor of ~0.33 (48). Across a 
spectrum of elastocaloric materials, it is the 
ratio of hysteresis area, AE, to the input work, 
F, that ultimately determines the number of 
cycles over which the materials can sustain 
their performance (Fig. 3C). 

To understand this trend, we considered an 
analogy to the well-known S—N concept con- 
ceived by Wohler in 1858 (49) that connects 
the stress amplitude (S) to the cycles to failure 
(N) in the structural fatigue of materials and 
obtained a correlation of AE/EF (hysteresis as 
a fraction of input energy) to the cycles to 
“functional failure,” N, (which we define as 
the number of cycles at the onset of loss of 
their functionality) (Fig. 3C). In an ideal case 
of AE/E = 0 (transformation with no hyster- 
esis), the number of cycles to functional fail- 
ure would asymptotically approach infinity 
(or extremely large numbers). SMAs typically 
exhibit hysteresis in superelastic cycles; the 
best AE/E hitherto reported for cycling are 
from Zn,5;AU3 9CU»; alloys optimized through 
tuning the lattice parameters (42) and a 
Nis, 5Tigs.5/NigTi nanocomposite with friction- 
limited kinematics in this work, both of which 
possess a AE/E less than 10%. Because of sim- 
ilarity in the hysteresis behavior associated 
with input work among different materials, 
the energy-based (AE/E)-N correlation ob- 
served here for elastocaloric materials could 
in principle apply to other caloric materials 
(magnetocaloric and electrocaloric materials). 
Even though the data on fatigue behavior of 
other caloric materials are somewhat limited 
(table S1), our preliminary analysis indicates 
that the same correlation holds for them as 
well. Caloric materials based on first-order 
transitions with reported low cyclability (such 
as <10,000 cycles) can potentially have their 
functional fatigue lives extended if their AE/E 
can be decreased through, for example, mate- 
rials processing. 

The conventional wisdom in the SMA com- 
munity is that presence of nonequiatomic 
phases such as Ni3Ti in the NiTi matrix is detri- 
mental to materials integrity because the pres- 
ence of brittle phases precipitated along grain 
boundaries can lead to fracture from local stress 
concentration (50) and mismatch stress gen- 
erated from transformation-induced shape 
distortions in neighboring grains (57). The 
nonequiatomic phases have also plagued the 
self-propagating high-temperature synthesis 
used for porous Ni-Ti materials for decades 
because they occur inevitably and produce 
chemical inhomogeneity in porous implants 
(52). We created a Ni-Ti-based elastocaloric 
material whose exceptional stability and un- 
usual operational efficiency are derived from 
their distinct and intricate nanocomposite 
structures made by means of additive manu- 
facturing. This demonstration shows the po- 
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tential for using additive manufacturing to 
optimize caloric cooling by providing a highly 
desirable topology flexibility into materials 
components that serve as both refrigerants 
and heat exchangers. 
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Mutual control of coherent spin waves and magnetic 
domain walls in a magnonic device 


Jiahao Han, Pengxiang Zhang, Justin T. Hou, Saima A. Siddiqui, Luqiao Liu* 


The successful implementation of spin-wave devices requires efficient modulation of spin-wave 
propagation. Using cobalt/nickel multilayer films, we experimentally demonstrate that nanometer-wide 
magnetic domain walls can be applied to manipulate the phase and magnitude of coherent spin 

waves in a nonvolatile manner. We further show that a spin wave can, in turn, be used to change the 
position of magnetic domain walls by means of the spin-transfer torque effect generated from magnon 
spin current. This mutual interaction between spin waves and magnetic domain walls opens up the 
possibility of realizing all-magnon spintronic devices, in which one spin-wave signal can be used to 
control others by reconfiguring magnetic domain structures. 


S propagating oscillations of magnetic 

moments, spin waves (SWs) can transmit 

spin information over macroscopic dis- 

tances in the absence of Joule heating 

(7-6). To manipulate the propagation of 
SWs, various methods such as lithographically 
defined synthetic crystals (7, 8), static magnetic 
fields (9, 10), and electrical currents (11-14) have 
been used. The large size (above the microme- 
ter scale) of control terminals and high power 
consumption in these devices pose obstacles 
for practical applications. Magnetic textures 
such as magnetic domain walls (DWs) have 
been suggested as an alternative. It has been 
predicted that DWs can cause substantial 
changes in the phase and magnitude of SWs 
within the length scale of nanometers (75-19). 
This prediction, in combination with reconfi- 
gurability (20, 27) and nonvolatility (22) of 
DWs, makes DWs promising candidates for 
modulating SWs. However, little experimental 
progress has been reported in this direction 
(23). A major challenge for experimentally 
studying the SW transmission in the presence 
of DWs is that resonant excitation and co- 
herent propagation of SWs require well-defined 
quantization axes for spins. In existing studies, 
this condition is usually realized through the 
application of a large external magnetic field 
(8-10, 12-14), which prevents the formation of 
more than one magnetic domain. To achieve 
the coexistence of DWs and zero-field ferro- 
magnetic resonance (FMR), thin films with 
strong magnetic anisotropy and low damp- 
ing are highly desirable. In addition to DW- 
modulated SW transmission, the mutual 
interactions between SWs and DWs can en- 
able the inverse effect: the SW-induced DW 
movement. As shown in Fig. 1A, SWs carry 
magnon spin currents along their propaga- 
tion direction. On the two sides of a DW, the 
magnons have opposite spin angular momen- 
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tum and flow in the same direction, leading to 
a net spin injection into the DW. This provides 
the possibility of manipulating the orientation 
of magnetic domains through magnon-induced 
spin-transfer torque (24). 

In this study, we employed magnetic films 
with perpendicular magnetic anisotropy (PMA) 
to achieve the mutual control of SWs and DWs. 
The magnetic films used in our experiments 
consist of substrate/Ti(8)/Pt(7)/[Co(0.4)/ 
Ni(0.35~0.4)]9/Ru(3) (numbers indicate width 
in nanometers). The Co/Ni multilayer films 
were chosen for their high PMA, large mag- 
netic volume, and low magnetic damping. 
Different from other films with interfacial 
PMA such as Ta/CoFeB/MgO or Pt/Co/AI10,, 
in which only one thin layer of magnetic ma- 
terial can be used to carry SWs, our perpen- 
dicularly magnetized Co/Ni multilayers (25) 
have a much larger total magnetic thickness, 
carrying larger amounts of power through 
SWs. In addition, Co/Ni films exhibit mod- 
erate magnetic damping (26) compared with 
other bulk PMA films, enabling propagation 
of SWs over detectable distances. FMR spectra 
(Fig. 1B) were obtained on an unpatterned 
film by sweeping the field with fixed microwave 
frequency, and a moderate Gilbert damping fac- 
tor of 0.024 was determined (Fig. 1C) (25). More- 
over, a zero-field FMR was reached at 7.5 GHz 
(Fig. 1B), which made it possible to excite coher- 
ent SWs while maintaining the DW structure. 

To study the SW propagation, we patterned 
films into strips with width between 3 and 
6 um and then deposited SiOz mesas (50 nm 
thick) for electrical isolation. A pair of micro- 
wave antennae was further deposited for SW 
excitation and detection (27, 28). Following 
the design in (28), we fabricated the antennae 
as ground-signal-ground coplanar waveguides 
with three meanders to obtain a well-defined 
wavelength (3.2 um) corresponding to a wave 
number of k = 1.96 um’ (Fig. 2, A and B). This 
design ensures the resonant generation of 
highly coherent SWs with more uniform wave- 
length, in contrast to other approaches that 
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use thermal gradient (29), spin injection (6, 30), 
or broadband microstrip (9, 10, 12) to excite 
SWs. The excitation and transmission of SWs 
were monitored with a 20-GHz vector net- 
work analyzer through the S-parameter mea- 
surement. The spectra of microwave reflection 
coefficient Sy, and transmission coefficient So; 
of a uniformly magnetized channel at zero de 
field are shown in Fig. 2C and the upper trace 
of Fig. 2D, respectively; both exhibit resonant 
features at 7.8 GHz. To verify the magnetic 
origin of the observed resonant signal, we 
measured S., spectra under different applied 
external fields H.,:, with the resonant fre- 
quency fversus H,,; relationship summarized 
in the inset of Fig. 2D. A typical spectrum at 
Hex = 200 Oe is shown as the bottom trace in 
Fig. 2D. The oscillating real and imaginary 
parts with a 90° phase difference are typical 
characteristics of propagating SWs. In a control 
sample with a 2.6-um-wide gap in the magnetic 
strip between two antennae (inset of Fig. 2E), 
no transmission signal was detected within the 
resolution of our setup (Fig. 2E). Moreover, S5; 
spectra with different propagation lengths were 
measured, for which the SW decay length (37) of 
~3 um was extracted and the propagating SW 
picture was further confirmed (fig. $3). 

We then studied the transmission of SWs 
through a DW by using microwave circuits 
integrated with a magneto-optic Kerr effect 
(MOKE) microscope (Fig. 3A). Figure 3, B and 
C, shows typical MOKE images, with bright 
and dark colors representing oppositely ori- 
ented domains. By applying millisecond mag- 
netic field pulses, we toggled the magnetic 
strip between a uniformly magnetized state 
(Fig. 3B) and a DW state (Fig. 3C). The DW 
width is estimated to be ~20 nm (25). During 
the measurement, the edge of the SiO. mesa 
assists the pinning of the DW, allowing for 
repeatable formation of DWs at the same 
location. By comparing the S», spectra that 
correspond to the two different magnetic 
states in Fig. 3, B and C (Fig. 3, D and E, re- 
spectively), we found that when SWs pass 
through a DW, they keep the same resonance 
frequency as the uniform state but experience 
a magnitude attenuation by a factor of 4.3 (or, 
equivalently, a power reduction by a factor of 
18). This observed reduction in the transmitted 
SW magnitude is consistent with the previous 
experiment on more complicated Landau do- 
main structures (23), which can be explained 
by the reflection of SWs at the DW edge caused 
by the quasi-rigid boundary condition for mag- 
netic moments. Aside from the attenuation in 
magnitude, a 175° phase shift appears for the 
SWs propagating through the DW (see the 
real and imaginary parts of So; in Fig. 3, D 
and E). This nearly 180° phase shift is robust 
across our fabricated devices and immune to 
specific DW configuration (i.e., up-down or 
down-up). Five devices with the same design 
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have been checked and similar results have 
been obtained, with variance of the magni- 
tude attenuation and the phase shift being 
within 10% (figs. S5 and S6). Control of wave 
phases lies at the heart of physical implemen- 
tation of wave-based computing and signal 
processing. Various magnonic logic devices 
(4, 15, 19, 32), which rely on the interference 
between SWs with different phases, have been 
previously proposed. The experimental discov- 
ery of the phase-shifting effect can therefore 
be useful for realizing those devices. 

To better understand the DW-induced SW 
modulation, we carried out micromagnetic sim- 
ulations (33) by using material parameters 
consistent with our real samples. Figure 3F 
presents the top view of a magnetic channel 
with propagating SWs, described by the x 
component of magnetization (m,,). We chose 
to monitor m, in the simulations because of 
its direct correlation with the experimental 
observable in our sample geometry (25). A 
radio frequency magnetic field was locally 
applied near one end of the channel to excite 
SWs. Considering the magnetostatic nature 
of our SW, we set the aspect ratio between 
the channel width and the SW wavelength to 
be the same as that of the real device. By com- 
paring the top and bottom panels of Fig. 3F, it 
is evident that when the SWs encounter a DW, 
the oscillating ™,, experiences an attenuation 
in magnitude and a shift of ~180° in phase, 
consistent with our experimental results. The 
phase shift in the narrow DW limit can also be 
possibly explained by considering the magnetic 
field boundary conditions at the opposite ends 
of the DW (25). 

Similar to spin-valve structures, in which 
magnetic orientation may result in resistance 
change (giant or tunneling magnetoresistance) 
and current may induce magnetic switching 
(spin-transfer torque), the device structure 
studied in our experiments can also exhibit 
this pair of inverse effects. In the structure 
shown in Fig. 1A, the SWs carry magnon spin 
current J, with spin angular momentum anti- 
parallel to the local equilibrium direction. 
Across the DW, the spins carried by J; reverse 
sign, resulting in net spin current divergence, 
which can further cause spin-transfer torque- 
induced magnetic switching. To observe this ef- 
fect experimentally, we applied large-magnitude 
SWs by increasing the driving microwave pow- 
er. Moreover, we adopted a simple antenna 
design with one meander (Fig. 4A), whose 
reduced resistance optimizes the impedance 
matching with the microwave circuit. In ad- 
dition, a single antenna, rather than antenna 
pairs, was employed for clearer observation 
of the DW movement at longer length scales. 
In this measurement, an up-down DW was 
nucleated close to the antenna with exter- 
nal magnetic field pulses, as shown by the 
boundary between the bright and dark regions 
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Fig. 1. Illustration of the basic concept and FMR measurements of thin-film samples. (A) Schematic of 
SWs passing through a DW. The magnons at different sides of the DW carry opposite spins, which leads 
to a spin angular momentum transfer to the DW. +h represents the angular momentum of each magnon. 
(B) FMR spectra of unpatterned Co/Ni films at different microwave frequencies. The field is applied out of 
plane. (C) FMR resonant field (H,.,) and linewidth (AH) as a function of microwave frequency. 
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Fig. 2. SW transmission in uniformly magnetized devices. (A) Optical image of the device. Scale bar, 

30 um. (B) Scanning electron microscopy (SEM) image of the center of the device. The width of the 
magnetic channel is w = 6 um and the distance between the antennae is d = 6.4 um. Scale bar, 6 um. 

(C) Reflection spectrum S}; at zero field. (D) Transmission spectrum Sz; with external fields of O (top) and 
200 Oe (bottom). The (arbitrary) unit is the same for Sy; and S2;, enabling a comparison of their values. 

Re, real; Im, imaginary. (Inset) Resonant frequency as a function of external field measured from S>. 

(E) Transmission spectrum of a control sample, where the magnetic strip is discontinuous with a 2.6-um-wide 
gap between the antennae. A microwave power of 4 uW was used for all measurements depicted in this figure. 
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Fig. 3. SW propagation across a DW. (A) Photo of the experimental setup. (B and ©) MOKE images of the device in a uniformly magnetized state and a DW state, 
respectively. The bright and dark regions in the magnetic channel represent domains with up and down magnetization. In the DW state, the wall is located between the 

two antennae. Scale bar, 10 um. (D and E) S,; spectra for (B) and (C). A microwave power of 4 uW was used for the measurement. (F) Simulated SW propagation in a 
600-nm-wide magnetic channel without (top) and with (bottom) a DW. The SW wavelength is 320 nm. m, represents the x component of the magnetization. The dashed 
rectangle indicates a typical region for comparing the magnitude and phase of the transmitted SWs in the uniform channel and the channel with a DW. 


in the top panel of Fig. 4B. With the appli- 
cation of the SW, the DW moves toward the 
SW source in the absence of any dc magnetic 
field and stops underneath the antenna (bot- 
tom panel of Fig. 4B). A similar effect was ob- 
served for the down-up DW (see the movement 
of the boundary between dark and bright re- 
gions in Fig. 4C). When the device was driven 
with off-resonance microwave signals at the 
same power, no DW motion was detected. In 
our experiment, DWs always move against 
the SW-flowing direction, consistent with the 
magnonic spin-transfer torque mechanism 
(24, 34) and in contrast to the linear momen- 
tum transfer picture (35). This observed DW 
movement direction differs from the recently 
observed field-induced DW movement under 
the assistance of transient SWs (36), where 
SWs help DWs move along the wave-flowing 
direction. Using the microwave power in our 
DW motion experiment, we can estimate the 
spin current density carried by the SW to be 
on the order of 107(h/2e)A/cm? (h, Planck’s 
constant divided by 2n; e, elementary charge) 
(25), similar to the typical threshold spin cur- 
rent density needed for current-induced DW 
motion (22). Under this magnon spin current 
density, the DW velocity is expected to be 
~10 m/s (24, 25), comparable to the velocities 
obtained in the spin-transfer torque configu- 
ration (22). 
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To further verify the spin-transfer torque 
origin of the observed DW motion, we ex- 
perimentally determined the switching phase 
diagram of the DW under applied SW and 
external fields. The depinning field (Hgepin) 
was measured by simultaneously applying ex- 
ternal magnetic field pulses and continuous 
microwave power at the resonant frequency. 
Using the magnetometry mode of MOKE mi- 
croscope, we determined the switching curves 
of magnetic domains (Fig. 4D). Under the ap- 
plication of SWs, Haepin exhibits an overall 
shift, indicating that the SWs assist the DW to 
move toward the antenna and hamper the mo- 
tion in the opposite direction. Haepin as a function 
of the driving microwave power is summarized 
in Fig. 4E under both on-resonance frequency 
(8.8 GHz) and off-resonance frequency (7 GHz). 
For the off-resonance case, a simple reduction 
of Haepin in both directions was observed, 
which can be explained by a trivial thermal 
effect that suppresses the switching energy 
barrier. By comparing the slopes of the two 
groups of curves, we found that, whereas 
the thermal effects are similar, only the on- 
resonance data show asymmetries in Hgepin 
of the two different switching directions, in- 
dicating that coherent magnons other than 
thermally induced spin flow (29) play a major 
role in the observed DW motion. To exclude 
the contribution from the extra heating effect 
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caused by FMR, we used the anomalous Hall 
effect to quantitatively characterize the mag- 
netization change in the two experimental 
situations, as well as to compare them with the 
change caused by dc current-induced Joule 
heating. We found that the heating-induced 
reduction in magnetization cannot account for 
the observed effect (25). Finally, Haepin under 
different driving frequencies is summarized 
in Fig. 4G, consistent with the SW absorption 
spectrum (Fig. 4F). 

The transfer of spin current with magnon 
flow represents an energy-efficient process. 
To transfer one unit of spin angular momen- 
tum (/), the energy of a magnon (Aw) must be 
consumed, corresponding to tens of micro- 
electron volts for gigahertz SWs. This amount 
is smaller than the energy consumption in 
other spin current-generation methods such 
as tunnel junctions or spin valves, for which 
the corresponding value is in the range of milli- 
electron volts to sub-electron volts. Substantial 
differences still exist between the power carried 
by the SW in the device and that generated 
at our microwave source, which mainly comes 
from the low efficiency associated with the in- 
ductive generation of SWs using the antenna, 
degrading the overall power performance of 
the studied device. This can be improved by 
using energy-efficient SW generation mech- 
anisms (37, 38). In the meantime, the energy 
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Fig. 4. Magnetic domain switching induced by SWs. (A) SEM image of the 
device. The magnetic strip under SiOz is marked by the dashed lines. Scale bar, 

4 um. (B and C) MOKE images showing the movement of the up-down and down-up 
DWs under zero dc magnetic field. The bright and dark regions in the magnetic 
channel represent domains with up and down magnetization. The microwave power 
applied onto the antenna is Pyyw = 2.2 mW at resonant frequency (8.8 GHz for this 
sample, slightly higher than the previous value, owing to the stronger anisotropy 


efficiency of magnonic devices can be en- 
hanced by keeping signals in the SW domain 
and avoiding frequent interconversions between 
electrical and SW signals. Our experimental re- 
sults of the mutual control between SWs and 
DWs thus facilitate the possibility of using one 
SW to modulate the transmission of others by 
reconfiguring the magnetic domain structures. 


REFERENCES AND NOTES 


1. V. V. Kruglyak, S. 0. Demokritov, D. Grundler, J. Phys. D 43, 
264001 (2010). 

2. A. Khitun, M. Bao, K. L. Wang, J. Phys. D 43, 264005 (2010). 

3. B. Lenk, H. Ulrichs, F. Garbs, M. Munzenberg, Phys. Rep. 507, 
107-136 (2011). 

4. A.V. Chumak, V. |. Vasyuchka, A. A. Serga, B. Hillebrands, 
Nat. Phys. 11, 453-461 (2015). 

5. G. Csaba, A. Papp, W. Porod, Phys. Lett. A 381, 1471-1476 (2017). 

6. Y. Kajiwara et al., Nature 464, 262-266 (2010). 

7. Z.K. Wang et al., Appl. Phys. Lett. 94, 083112 (2009). 

8. H. Yu et al., Nat. Commun. 7, 11255 (2016). 

9. T. Schneider et al., Appl. Phys. Lett. 92, 022505 (2008). 

10. S. 0. Demokritov et al., Phys. Rev. Lett. 93, 047201 (2004). 

ll. S.-M. Seo, K.-J. Lee, H. Yang, T. Ono, Phys. Rev. Lett. 102, 
147202 (2009). 

12. Z. Wang, Y. Sun, M. Wu, V. Tiberkevich, A. Slavin, 
Phys. Rev. Lett. 107, 146602 (2011). 

13. A. Hamadeh et al., Phys. Rev. Lett. 113, 197203 (2014). 

14. V. Vlaminck, M. Bailleul, Science 322, 410-413 (2008). 

15. R. Hertel, W. Wulfhekel, J. Kirschner, Phys. Rev. Lett. 93, 
257202 (2004). 


0.0 


F 
= 
Ss 
£ 
& 
oO 
200 -180 180 200 
Haye (O€) 
G 
@ 
o 
rr 


0.4 0.8 1.2 
Piw (mW) 


C. Bayer, H. Schultheiss, B. Hillebrands, R. L. Stamps, 
IEEE Trans. Magn. 41, 3094-3096 (2005). 


. S. Macke, D. Goll, J. Phys. Conf. Ser. 200, 042015 (2010). 


. J. S. Kim et al., Phys. Rev. B 85, 174428 (2012). 


. F. J. Buijnsters, Y. Ferreiros, A. Fasolino, M. |. Katsnelson, Phys. 


Rev. Lett. 116, 147204 (2016). 


20. E. Albisetti et al., Nat. Nanotechnol. 11, 545-551 (2016). 


. K. Wagner et al., Nat. Nanotechnol. 11, 432-436 (2016). 

. S. S. P. Parkin, M. Hayashi, L. Thomas, Science 320, 190-194 
(2008). 

. P. Pirro et al., Appl. Phys. Lett. 106, 232405 (2015). 


24. P. Yan, X. S. Wang, X. R. Wang, Phys. Rev. Lett. 107, 177207 (2011). 


. Detailed discussions are available in the supplementary 
materials. 


26. J.-M. Beaujour, D. Ravelosona, |. Tudosa, E. E. Fullerton, 


A. D. Kent, Phys. Rev. B 80, 180415(R) (2009). 
. M. Bailleul, D. Olligs, C. Fermon, S. 0. Demokritov, 
Europhys. Lett. 56, 741-747 (2001). 
. V. Vlaminck, M. Bailleul, Phys. Rev. B 81, 014425 (2010). 
. W. Jiang et al., Phys. Rev. Lett. 110, 177202 (2013). 


30. L. J. Cornelissen, J. Liu, R. A. Duine, J. Ben Youssef, 


w 
a 


B. J. van Wees, Nat. Phys. 11, 1022-1026 (2015). 


. N. Loayza, M. B. Jungfleisch, A. Hoffmann, M. Bailleul, 


V. Vlaminck, Phys. Rev. B 98, 144430 (2018). 
. K.-S. Lee, S.-K. Kim, J. Appl. Phys. 104, 053909 (2008). 
. M. J. Donahue, D. G. Porter, “OOMMF User's Guide, version 1.0” 
(National Institute of Standards and Technology, 1999). 
Y. Cheng, K. Chen, S. Zhang, Appl. Phys. Lett. 112, 052405 
(2018). 
. X. Wang, G. Guo, Y. Nie, G. Zhang, Z. Li, Phys. Rev. B 86, 
054445 (2012). 


36. S. Woo, T. Delaney, G. S. D. Beach, Nat. Phys. 13, 448-454 (2017). 
37. V. E. Demidov et al., Nat. Mater. 11, 1028-1031 (2012). 
38. Z. Duan et al., Nat. Commun. 5, 5616 (2014). 


Han et al., Science 366, 1121-1125 (2019) 29 November 2019 


rf 8 9 10 11 


7 8 9 10 11 
f (GHz) 


field). See (25) for the power calibration methods. (D) Magnetic switching around 
the DW location measured from a MOKE magnetometer, under microwave power of 
Puw = 0.48 mW at 8.8 GHz. (E) Hdepin aS a function of microwave power. (F) SW 
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propagate across the DW with slightly reduced power. 
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Magnetization switching by magnon-mediated spin 
torque through an antiferromagnetic insulator 
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Se-Hyeok Oh*, Dong-Hyun Kim®, Kaiming Cai’, Enlong Liu’, Shawn D. Pollard’, Shuyuan Shi’, 
Jongmin Lee’, Kie Leong Teo’, Yihong Wu’, Kyung-Jin Lee**>*, Hyunsoo Yang" + 


Widespread applications of magnetic devices require an efficient means to manipulate the local 
magnetization. One mechanism is the electrical spin-transfer torque associated with electron-mediated 
spin currents; however, this suffers from substantial energy dissipation caused by Joule heating. 

We experimentally demonstrated an alternative approach based on magnon currents and achieved 
magnon-torque-induced magnetization switching in Bi,.Se3/antiferromagnetic insulator NiO/ferromagnet 
devices at room temperature. The magnon currents carry spin angular momentum efficiently without 
involving moving electrons through a 25-nanometer-thick NiO layer. The magnon torque is sufficient to 
control the magnetization, which is comparable with previously observed electrical spin torque ratios. 
This research, which is relevant to the energy-efficient control of spintronic devices, will invigorate 


magnon-based memory and logic devices. 


pin current, a flow of spin angular mo- 

mentum, is the essential ingredient for 

spin-transfer torque. One class of spin 

currents is the electrical spin current Js, 

which is associated with electron spins 
(7-3). When Js is absorbed by a magnet, the 
magnetization experiences an electrical spin 
torque, and its direction is reoriented (Fig. 1A). 
The electrical spin torque has opened the 
era for electrically controlled magnetic device 
applications—for example, magnetic random 
access memories (3). However, Js is commonly 
associated with charge flow so that Joule heat 
and corresponding power dissipation are un- 
avoidable. Moreover, the spin propagation length 
(diffusion length) of Jg is relatively short, typ- 
ically on the order of nanometers (4), which 
prevents the delivery of spin information over 
long distances. 

These limitations could be overcome by 
another class of spin currents, the magnon 
current Jy, for which the spin angular mo- 
mentum is carried by precessing spin moments 
rather than moving electrons (5). The magnon 
torque associated with Jy, shows several ad- 
vantages in comparison with the electrical spin 
torque. There is no electron movement in Jy; 
therefore, much less Joule heat dissipation is 
expected. Moreover, J, can flow even in in- 
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sulators for distances up to several micro- 
meters (6-9), and thus, material systems for 
the magnon torque are not limited to electrical 
conductors. As J); approaches a magnet, it 
interacts with the magnetization through 
the exchange coupling, and consequently, 
the magnetization can be reoriented by the 
magnon torque (Fig. 1B). However, most studies 
on magnon currents have focused on long- 
distance transport (6-9), whereas experimen- 
tal works on magnon-mediated spin torques 
(10-13) have been limited to magnetic excita- 
tions or thermally driven domain wall motion 
(14-16), and the magnetization switching has 
been realized only by the electrical spin torque. 
In this work, we observed a giant magnon 
torque with a ratio for the J), generation of 
~0.3, which is comparable with the electri- 
cal spin torque ratio of topological insulators 
(17-19), and we experimentally demonstrated 
that the magnetization can be efficiently 
switched by the magnon torque without any 
external magnetic field at room temperature. 

We fabricated Bi,Ses (8 nm)/NiO (éyio = 0 
to 100 nm)/NiFe (Py, 6 nm) structures, where 
tyio is the thickness of NiO, with the Bi,Se; 
(fig. S1 and materials and methods) (20) acting 
as a highly efficient spin current source (17-19). 
In-plane current injection to the Bi,Se; pro- 
duces electrical spin currents at the Bi,Se3/NiO 
interface and excites Jj, in the NiO layer. We 
chose NiO, an antiferromagnetic insulator, as 
a magnon-current medium because magnons 
are the sole spin angular momentum carriers 
(6-9, 21-24) in the NiO layer. 

Because antiferromagnetic ordering has 
a crucial role in magnon transport through 
antiferromagnets (25), we first characterized 
the thickness dependence of the antiferro- 
magnetic ordering in the NiO layer by mea- 
suring hysteresis loops. The antiferromagnetic 
ordering can be estimated by the exchange 
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bias field or coercivity; both increase as the 
antiferromagnetic ordering improves (26). The 
temperature-dependent exchange bias field 
AA, of BigSes/NiO/Py is shown in Fig. 2A for 
various tyio. Hex increases with the NiO thick- 
ness at tyio < 25 nm at 2 K. The blocking 
temperature 7), at which the H,, becomes 
zero, increases as tyio increases (Fig. 2B). A 
similar trend is observed for the coercivity H, 
at room temperature (Fig. 2C); H. increases 
with tyio for tyio s 30 nm. H, then slightly 
decreases with increasing tyjo, which is a 
typical behavior of antiferromagnetic films. 
The results suggest that the antiferromagnetic 
ordering in the NiO layer gradually improves 
as tyio increases. The smaller 7, than that 
in NiO bulk (Fig. 2B) is related to the poly- 
crystalline structure of NiO grown on BiySe; 
(Fig. 2D). When the NiO layer is directly 
deposited on the c-plane sapphire sub- 
strate, it shows a good crystallinity with the 
dominant (111) plane. However, when the 
NiO layer is deposited on Bi,.Sesz, it is poly- 
crystalline, possibly because of the lattice 
mismatch between the NiO and Bi,Sez layers. 

We next characterized the magnon torque 
using the spin torque ferromagnetic resonance 
(ST-FMR) measurement (Fig. 3A) (77, 20, 27, 28). 
A radio frequency current (/py; current den- 
sity Jc in the Bi,.Se; layer) was applied to the 
device and generated electrical spin currents 
with a spin polarization denoted in Fig. 3A 
with a red arrow at the Bi,Se;/NiO interface. 
Jy, is then induced in the NiO layer through 
the exchange interaction between the spins and 
nearby NiO moments (29). Passing through 
the NiO layer, Jj, exerts a magnon torque on 
the Py layer. Consequently, the Py magneti- 
zation is excited into the precession mode, 
generating a ST-FMR signal Vinix. Vinix (Fig. 3B, 
open symbols) from a representative device 
with tyio = 25 nm is fitted by Vinix = VsFs + 
VaF'a, where Vsf's and VaF' are the symmet- 
ric and antisymmetric components, respec- 
tively. By adopting an established analysis 
method (17, 20, 27), we evaluated the spin 
torque ratio (0; = J;/Jc) for the symmetric 
component, which is analogous to the spin 
Hall angle in the electrical spin-orbit torque 
scheme (17, 27). 0; is caused either by the 
electrical spin torque (stemming from Jg, 7 = S) 
or by the magnon torque (stemming from 
Jw, 1 = M), depending on the NiO thickness, 
which is discussed later. 

Shown in Fig. 3C is 0; versus tyio at room 
temperature, at which the NiO/Py interface 
contribution is subtracted [fig. S2 and (20), 
section 2]. For the device without the NiO 
layer—the Bi,.Se;/Py bilayer—O; is 0.67, which 
is consistent with a previous report for Bi.Ses 
(18). We observed that 0; abruptly decreases 
from 0.67 to ~0 by inserting only a 2-nm NiO 
layer between the Bi.Se; and Py layers. In this 
NiO-thickness range, no noticeable exchange 
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bias nor enhanced coercivity was observed, 
even at low temperature (Fig. 2). It indicates 
that the antiferromagnetic ordering is weak, 
and corresponding magnon torque has a neg- 
ligible role in this thickness range. There- 
fore, the small 8; would be of purely electrical 
origin—electron spin tunneling through a nor- 
mal insulator such as MgO or SiO, (21, 22). 

The presence of magnon torque is evident 
for larger values of NiO thickness in which 
magnons are the only spin-angular-momentum 
carriers. We found that 0; starts to increase as 
tyio increases above 10 nm (Fig. 3C). 0; shows a 
peak value of ~0.3 at tyio = 25 nm and then 
gradually decreases with further increasing tyio 
up to 100 nm. The peak 6; value is of similar 
magnitude to the electrical spin Hall angle of 
topological insulators (17-19) and is higher than 
that of heavy metals Pt and Ta (30). 

We used independent terahertz emission 
measurements to double check the NiO 
thickness-dependent behavior [fig. S3 and 
(20), section 3]. The terahertz emission am- 
plitude characterizes the spin-to-charge con- 
version, which is the reciprocal process of 
the ST-FMR measurements (charge-to-spin) 
(31, 32). A similar trend in Fig. 3C by using 
both ST-FMR and terahertz techniques vali- 
dates our observations of NiO thickness- 
dependent magnon torques. As a control 
experiment, we inserted a 6-nm MgO layer 
between Bi,Sez; and NiO layers to block the 
spins through the NiO layer (33), and the ob- 
tained 0; is negligible (Fig. 3C, star symbol). 
This rules out the possibility that observed 
torque is generated at the NiO/Py interface 
[table S1 and (20), section 4]. The temper- 
ature dependence of 0; measured for Bi.Ses/ 
NiO (tyio = 2, 5 and 25 nm)/NiFe devices is 
shown in Fig. 3D. The 0; shows a peak at a 
certain temperature close to the antiferro- 
magnetic transition in the NiO layer for each 
device, at which the enhanced spin fluctua- 
tions and magnons facilitate the spin trans- 
port, which is in line with the previous reports 
(23, 24, 34, 35). These results confirm the 
magnon-originated nature of the spin torque. 

To gain insight into the thickness depen- 
dence of 0;, we estimated a transverse magnon 
current at the NiO/Py interface using a simple 
drift-diffusion model. Because the NiO layer 
is polycrystalline (Fig. 2D), we assumed that 
magnon propagation in the NiO layer is dif- 
fusive (25, 36). In this model, the resultant 
transverse magnon current J;, at the NiO/Py 
interface is 


Fi = OSe 
2GK jplmk 
Gx jplm(1 + &?) + 2nom (1 — K?) 
(1) 


where 0 is the spin Hall angle of Bi,Se; layer; 
yn is the angular momentum loss at the 


= nbJc 
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Bi,Se;/NiO interface; Gx /F is the interfacial 
magnon conductance for the transverse com- 
ponent between NiO and Py (36), which is 
analogous to the mixing conductance of the 
spin transport theory (37); « = exp(-tyio/lm); 
and J, and o, are the magnon diffusion 
length and magnon conductivity of the NiO 
layer, respectively [(20), section 5]. The red 
curve in Fig. 3C is the fit of experimental data 
to Eq. 1. For the fitting, we assumed that /,, 
increases with tyjo and saturates at ~30 nm 
(Fig. 3C, inset); the value of 30 nm was esti- 
mated from the exponential decrease of 0; for 


A Electrical spin current & Electrical spin torque 


_M 
' * Magnet 
Js ST 


Charge Conductor | 


tyio = 25 nm in Fig. 3C; the saturation J, 
of ~30 nm is consistent with that recently 
reported in polycrystalline NiO (38). This 
assumption is motivated by the experimental 
results shown in Fig. 2; the behaviors of H.x 
(or 7) and H, with tyio suggest an improve- 
ment of antiferromagnetic ordering with tyjo. 
To support this assumption, we performed 
atomistic lattice spin model calculations for 
the relation between the antiferromagnetic 
ordering and /,, and found that they are cor- 
related (fig. S5). The reasonable fit shown in 
Fig. 3C implies that the ¢yj9o-dependent change 
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Fig. 1. Two types of spin-angular-momentum-transfer torque. (A) Illustration of the magnetization (M) 
reorientation driven by the electrical spin torque (ST) by means of the electrical spin current Js. 
(B) Illustration of the magnetization (M) reorientation driven by the magnon torque (MT) by means 


of the magnon current Jjy. AFM, antiferromagnet; F 


, ferromagnet. 
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Fig. 2. Characterization of BizSe3/NiO/Py structures. (A) The exchange bias as a function of temperature 
for various NiO thicknesses (tyio). (B) The blocking temperature deduced from (A). (C) The coercivity 

as a function of tyiog at room temperature. (D) X-ray diffraction patterns of sapphire substrate/Bi2Se3 

(8 nm)/NiO (100 nm) and sapphire substrate/NiO (100 nm). 
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of J is a possible explanation for the exper- 
imental observation, even though a more 
detailed study is required for a quantitative 
understanding. 

Last, we demonstrated magnetization switch- 
ing induced by the magnon torque in the 
BigSes/NiO/Py heterostructure at room tem- 
perature (Fig. 4). In switching devices, the Py 
layer was patterned into a rectangular shaped 
island to prohibit current shunting through 
the Py layer (Fig. 4, A and B) (20). The switch- 
ing results for tyj9 = 25 nm are shown in Fig. 4, 


Fig. 3. ST-FMR measurement of magnon torque. 
(A) A diagram of the ST-FMR measurements, 
illustrating the magnetization precession driven by the 
spin torque, including the damping-like torque tp. 
and/or field-like torque teL. The black arrow denotes 
the direction of /g¢ with a current density Jc. The 

ed and blue arrows indicate spin polarizations and 
magnon current Jy, respectively. (B) A typical ST-FMR 
signal (open symbols) from a BizSe3/NiO (25 nm)/Py 
(6 nm) device at 10 GHz and 300 K with fits (solid 
ines), where the blue and green lines indicate the 
symmetric (VsFs) and antisymmetric Lorentzian 
(VaFa) component, respectively. (©) The spin torque 
atio 8; deduced from the ST-FMR data (solid circles) 
and the terahertz emission amplitude (open circles) 
as a function of tyio at 300 K. The red curve is a fit 
using Eq. 1. For the fitting, we used nO = 0.8 and 

Gi ¢/Om = 3 x 10° mt, (Inset) The assumed magnon 
diffusion length (/,,) as a function of tyio. The star 
symbol corresponds to 6; obtained from the ST-FMR 
measurement of the control device with 6-nm MgO 
insertion between BizSe3 and NiO layers. (D) Tem- 
perature dependence of 6; for BizSe3/NiO (tnio = 2, 5, 
and 25 nm)/Py (6 nm) devices. 


Fig. 4. Magnetization switching 
induced by magnon torque in 

the Bi2Se3/NiO/Py devices at room 
temperature. (A) Illustration of the 
structure of the magnon torque 
switching device with an isolated Py 
ectangle defined on top of the 

NiO layer. (B) Optical microscope 
image of a device with electrodes, 
where the sample functional region is 
indicated with a red dotted box 

and an isolated Py rectangle is denoted 
with a yellow box. (€ to F) MOKE 
images for magnon-torque-driven mag- 
netization switching in the BizSe3/NiO 
(25 nm)/Py device by injecting a pulsed 
current | along the [(C) and (D)] +x 
axis or [(E) and (F)] -x axis at room 
temperature. (G to J) MOKE images for 


Je = 0x107 A cm-2 


C to F, measured with a magneto-optic Kerr 
effect (MOKE) microscope by injecting a pulsed 
current J. We first saturated the magnetization 
in the Py island (Fig. 4C, yellow box) along the 
+y axis with an in-plane magnetic field. Then, 
we removed the field and applied I Ue ~ 1.27 x 
10’ A cm”) along the +z axis. We found that 
the Py magnetization was switched to the -y 
axis, indicated by the contrast change from 
dark to light in the yellow box (Fig. 4D). We 
then initialized the Py magnetization along 
the -y axis (Fig. 4E) and applied J Jc ~ -1.27 x 
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10’ A cm”) along the -w axis. The Py mag- 
netization was switched to the +y axis (Fig. 4F). 
This bidirectional switching depending on 
the current polarity excludes the possibility 
that the switching is governed by Joule heating- 
induced effects. This magnon torque-driven 
magnetization switching is reproducible in 
other devices (fig. S6). We also demon- 
strated magnetization switching induced 
by magnon torques in Bi.Se3;/NiO (25 nm)/ 
Co4oF€49B29 (CoFeB) trilayers at room tem- 
perature (fig. S7). 
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a BizSe3/NiO (5 nm)/Py device by injecting / along the [(G) and (H)] +x axis or [(I) and (J)] -x axis at room temperature. (K to N) MOKE images for the 


BizSe3/NiO (25 nm)/Cu (6 nm)/Py device by injecting / along the [(K) and (L)] +x axis or [(M) and (N)] -x axis at room temperature. In (C) to (N), the dark contrast 
represents the magnetization along the +y axis, and the light contrast represents the magnetization along the -y axis. The direction of magnetization is indicated 
with white arrows. The current density Jc in the BizSe3 layer is denoted underneath each image. 
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The switching experiments on another de- 
vice of BigSe3/NiO (5 nm)/Py are shown in 
Fig. 4, G to J, in which 0; estimated from 
ST-FMR is negligible (Fig. 3C). Following the 
same measurement procedures as in Fig. 4, C 
to F, we could not observe the magnetization 
switching, even with a larger Jo. This behav- 
ior was reproducible in other devices with 
tyio = 5 nm. It excludes a possibility that the 
current-induced Oersted field, which is also 
present in the devices with tyjo = 5 nm, is the 
origin of the magnetization switching observed 
in the devices with tyiq = 25 nm. We also per- 
formed switching experiments on other devices 
with isolated Py islands at various tyjo and 
found that the switching efficiency is quali- 
tatively consistent with 0; estimated from 
ST-FMR (fig. $9). Therefore, our results pro- 
vide unambiguous evidence that the switch- 
ing is governed by the magnon torque. 

From the above experiments, one question 
is whether direct exchange coupling between 
NiO and Py magnetic moments is essential 
for large magnon torques or not. To answer 
this, we performed switching experiments in 
Bi.Se3/NiO (25 nm)/Cu (6 nm)/Py devices, in 
which the Cu layer breaks direct exchange 
coupling but allows spin transmission through 
the transfer of spin angular momentum from 
magnons to electrons (Fig. 4, K to N). Both the 
Py and Cu insertion layer were patterned into 
a rectangular shaped island to eliminate cur- 
rent shunting through the Cu/Py bilayer. Fol- 
lowing the same measurement procedures 
as in Fig. 4, C to F, we observed robust mag- 
netization switching with Jc ~ 1.55 x 107 A 
cm”, which was reproducible in other de- 
vices with a Cu insertion (fig. S8). The ob- 
servations confirm that direct exchange 
coupling between the NiO and Py magnetic 
moments is not essential for the magnon 
torque-induced magnetization switching. 

Our demonstration reveals the ability of 
magnon torque to switch magnetization, a 
process that is as energy efficient as electrical 
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spin torques. This research will broaden the 
scope of not only magnon-related studies that 
are mainly focused on magnon transport 
(6-9, 21-24, 39) but also spintronics studies, 
in which advances have relied largely on the 
electrical spin torque. In this study, we in- 
duced the magnon torque in an antiferromag- 
netic insulator by injecting the electric current 
to a Bi,Seg layer as a proof of principle. How- 
ever, our work is just a starting point to explore 
the magnon torque-driven magnetization 
switching. We expect that all-magnon-driven 
magnetization switching, without involving 
electrical parts, could be achieved in the near 
future. 
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Self-organization of parS centromeres by the 


ParB CTP hydrolase 


Young-Min Soh’, lain Finley Davidson’, Stefano Zamuner®, Jéréme Basquin’, Florian Patrick Bock’, 
Michael Taschner’, Jan-Willem Veening', Paolo De Los Rios*, Jan-Michael Peters”, Stephan Gruber™* 


ParABS systems facilitate chromosome segregation and plasmid partitioning in bacteria and archaea. 
ParB protein binds centromeric parS DNA sequences and spreads to flanking DNA. We show that ParB is 
an enzyme that hydrolyzes cytidine triphosphate (CTP) to cytidine diphosphate (CDP). parS DNA 
stimulates cooperative CTP binding by ParB and CTP hydrolysis. A nucleotide cocrystal structure 
elucidates the catalytic center of the dimerization-dependent ParB CTPase. Single-molecule imaging 
and biochemical assays recapitulate features of ParB spreading from parS in the presence but not 
absence of CTP. These findings suggest that centromeres assemble by self-loading of ParB DNA sliding 
clamps at parS. ParB CTPase is not related to known nucleotide hydrolases and might be a promising 


target for developing new classes of antibiotics. 


ister chromosomes separate from one 

another and distribute within bacterial 

cells by means of the ParABS system and 

the SMC complex. Bacterial centromeres— 

assembled from ParB proteins and 16- 
base pair (bp) palindromic parS sites—initiate 
chromosome segregation soon after replica- 
tion initiation by recruiting SMC condensin 
and by moving along ParA adenosine triphos- 
phatase (ATPase) gradients (/-5). Multiple 
ParB proteins localize to a given parS site, 
thereby forming distinctive clusters in the 
cell (6, 7). ParB recognizes parS and enriches 
in ~15-kb-wide DNA regions flanking parS 
(6, 8-10). ParB spreading is hindered by DNA 
binding protein “roadblocks” engineered next 
to parS (10-12). Several models for ParB spread- 
ing have been proposed (6, 13). However, de- 
spite being critical for chromosome segregation, 
spreading has not yet been faithfully recon- 


A ParB,, (21-218) B 


Bsu! 


stituted in vitro, indicating the lack of an essen- 
tial component. 

ParB proteins harbor three globular do- 
mains (Fig. 1). A helix-turn-helix (HTH) motif 
in the middle domain (M) recognizes parS 
DNA. The C-terminal domain (C) homodimer- 
izes and in chromosomally encoded ParB also 
supports sequence-nonspecific DNA binding 
(14). The N-terminal domain (N) harbors con- 
served amino acid residues that produce strong 
phenotypes when mutated (5-7, 9, 15), but its 
function is unclear. Domain N shares marginal 
sequence similarity with a functionally un- 
related eukaryotic enzyme, called sulfiredoxin 
(Srx) (fig. SLA) (16). Srx catalyzes the repair of 
peroxiredoxin by transferring ATP y-phosphate 
groups onto hyperoxidized cysteine moieties. 
A conserved GxxRxxA motif forms the ATP 
binding pocket in Srx (/6, 77). Mutations in 
corresponding ParB residues (G77S and R80A) 
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Fig. 1. ParB CTP binding. (A) Membrane-spotting assay using radiolabeled 
nucleotides. (B) ITC measurements with full-length ParBg,, in the presence of Ca**. 
The Kg obtained in a typical experiment is given. The interval indicates deviations of 
data points from the fit. (C) Crystal structure of a single chain of ParBgs,(21-218) with 
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lead to loss of function and subcellular local- 
ization defects in Bacillus subtilis (Bsu) (5-7). 
Those subtle similarities invoke the possibility 
that ParB proteins are not merely DNA binding 
proteins but enzymes. 

Membrane-spotting assays with radiolabeled 
nucleoside triphosphates (NTPs) (78) unex- 
pectedly indicated that full-length ParB,.., 
and the fragment ParB,,,,(21-218) bind cytidine 
triphosphate (CTP) rather than ATP (Fig. 1A 
and fig. SIB). CTP binding was abolished in the 
ParBg..,(R80A) mutant (fig. SIC). Isothermal 
titration calorimetry (ITC) confirmed ParBg.., 
binding to CTP, yielding dissociation constants 
(KQ’s) in the range of 10 to 50 uM. By contrast, 
other nucleotides produced little response in 
ITC (Fig. 1B and fig. S2, A and B). CTP was also 
bound by plasmid-encoded ParB proteins 
(F plasmid ParBy and P1 prophage ParBp,), 
implying broad evolutionary conservation 
(fig. S1, B to D) (0, 79). 

We then solved the atomic structure of 
ParBz,,(21-218) (comprising domains N and 
M) using crystals grown with CTP and Ca?* 
ions. The unit cell contained two ParBz,.,(21- 
218) dimers. Each chain associated with a 
cytidine diphosphate (CDP) molecule and two 
coordinated Ca”* ions (Fig. 1C). CTP must thus 
have been hydrolyzed during crystallization. In 
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the structure, the CDP f-phosphate group 
contacts G77 and R80, explaining the strict 
conservation of the GxxRxxA motif (Fig. 1D) 
and implying that phenotypes associated with 
GxxRxxA mutations are caused by defective 
nucleotide binding (or hydrolysis). Individual 
domains N and M superimposed well with 
published ParB structures of bacterial and 
archaeal origin (with few exceptions) (fig. 
S2C) (20-22). Domain N also superimposed 
fairly well with human Srx/ATP/Mg”* (17), 
yielding a close overlap of o and 8 phosphate 
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Fig. 2. ParB CTP hydrolysis. (A) CTP hydrolysis measured by colorimetric 
detection of inorganic phosphate using malachite green. Mean values from 
three repeat measurements. Data points are shown as dots. (B) CTP 
hydrolysis by ParBgsy dimers with increasing DNA concentrations. Data 
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groups (Fig. 1E). This marked resemblance 
implies that Srx ATP phosphotransferases and 
ParB CTP phosphohydrolases evolved from a 
common ancestor. 

We next investigated ParB CTPase activity 
by measuring the accumulation of inorganic 
phosphate (Fig. 2A and fig. S3A). ParBz,,, di- 
mers hydrolyzed about five CTP molecules 
per hour. CTP hydrolysis was abolished in the 
CTP-binding mutant R80A and also in the 
CTP-binding proficient mutant N112S (figs. 
S2B, S3B, and S4A) (5, 23). Notably, addition 
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of 40-nucleotide parS duplex (°“SDNA4o) 
strongly increased CTP turnover to about 
36 molecules per hour (Fig. 2A). Substoichio- 
metric amounts of ?“"“DNAjo (ratio ~40:1) 
were sufficient to saturate enzymatic activ- 
ity (Fig. 2B), implying that parS only tran- 
siently associates with ParB. Noncognate 
DNA sequences did not alter the activity, even 
at increased concentrations (Fig. 2A). ParBy 
and the paralog Nocg,,, (24) also displayed 
CTPase activity, which was stimulated by cog- 
nate DNA (fig. S3A). 
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points and fits of three repeat measurements. (C) Membrane spotting 
showing parS-stimulated cooperative CTP binding. (D and E) Crystal 
structure of a ParBgsy(21-218)/CDP/Ca** dimer. (F) Catalytic center in 
ParBgs,(21-218)/CDP/Ca**. 
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Addition of ?“"“DNAy promoted coopera- 
tive CTP binding by ParBg.,, in membrane- 
spotting assays, suggesting that the functional 
unit harbors at least two CTP molecules (Fig. 2C 
and fig. S4C). Indeed, two nucleotides are sand- 
wiched by a ParB dimer in the ParB/nucleotide 
structure (Fig. 2, D and E), being analogous to 
dimerization-activated NTPases of the large 
family of P-loop proteins (e.g., SIMIBI and 
ABC proteins, including ParA and SMC, re- 
spectively) (25, 26). Residues E111 to E116 are 
located next to the nucleotide at the N dimer 


interface and appear critical for N engage- 
ment (Fig. 2F). They are conserved in ParB 
proteins but absent from monomeric Srx 
(fig. SIA). Consistent with a role in N engage- 
ment, N112S impairs parS-stimulated coop- 
erative but not basal CTP binding (Fig. 2C). 
To detect N engagement in solution, we used 
site-specific cross-linking of purified ParB(T22C) 
with bismaleimidoethane (BMOE). T22 is ideally 
positioned at the symmetry axis of the ParB/ 
nucleotide structure to support dimer cross- 
linking (Fig. 3D). ParBz,.,(T22C) cross-linking 
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Fig. 3. ParB gate closure. (A) Gel analysis of cross-linking products of purified 
ParBgsu(T22C). X denotes cross-linked species. CBB, Coomassie Brilliant Blue. 
(B) Time course of ParBgsy(T22C) cross-linking with CTPyS without parS. 
Aliquots were taken at the indicated time points and mixed with BMOE. 
Quantification of cross-linked fraction is also shown for CTP (see fig. S6B). 
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ws 


was robust only in the presence of both CTP 
and ?“’”SDNA4o (Fig. 3A). As expected for a N 
engagement-defective mutant, N112S abol- 
ished parS-stimulated T22C cross-linking 
(fig. S5C). Stimulation by ?“”"DNA4, occurred 
at substoichiometric concentrations, again 
implying that parS does not stably bind ParB 
and indicating that parS catalyzes the N 
engagement step (fig. S5D). The nonhydrolyz- 
able analog CTPYS also promoted efficient 
T22C cross-linking with ”’’"“DNAjo, but CDP 
failed to do so (Fig. 3A). In contrast to CTP, 
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CTPyS supported robust cross-linking even 
without parS after extensive incubation pe- 
riods (Fig. 3B and fig. S6B). This demonstrates 
that N engagement is energetically favorable, 
but the transition to the engaged state is very 
slow without parS. We conclude that parS 


catalyzes CTP-dependent engagement of do- 
main N in ParB. 

To determine whether N engagement oc- 
curs within or between ParB dimers, we pu- 
rified ParBz..,(T22C, S278C) (Fig. 3C). In the 
presence of CTP and”“”“DNA4o, double cross- 


linked ParB dimers emerged as predominant 
species, demonstrating that N engagement pro- 
duces mostly ring-shaped ParB dimers (and few 
ParB oligomers). This invokes the possibility 
that domain N serves as a nucleotide-operated 
DNA gate in ParB rings, which closes at pars. 
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Fig. 4. ParB DNA loading and sliding. (A) Polyacrylamide gel analysis of 
ParBgsy(T22C, S278C) protein species (CBB) and DNA species (SYBR) from 
BMOE-cross-linked DNA loading reactions. A presumed ParB-XX/?*"Splasmid 
adduct is marked by asterisk. CDP and *“plasmid (scrambled) only support 
limited ParB loading. (B) Single-molecule imaging (SMI) of DNA-bound ™*ParB 
in the presence of "#'°T8Eco RIF! roadblocks. Mean and SD were calculated 
from three repeat measurements of a sample. (C) Residue contact maps by 
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Roadblock ¢ 


coevolutionary analysis (DCA; blue and yellow dots) and residue proximities (gray 
dots) in monomeric (below diagonal) and dimeric chains (above diagonal) of 
ParBgsu(21-218)/nucleotide and ParBgsu(229-282) (PDB: 5NOC). (D) Model for 
ParB spreading by self-loading of DNA sliding clamps at parS. The SMC complex 
(ATP-bound form) is recruited to the chromosome by an interaction with ParB 
protein or DNA shaped by ParB. ParB triggers nucleotide hydrolysis by ParA ATP 
dimers (not shown). 
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Comparing the ParB/nucleotide structure 
with a ParB/parS DNA cocrystal structure, 
it became apparent that parS DNA associ- 
ating with one HTH motif clashes with the 
opposing HTH motif (Fig. 3E and fig. S6C). 
This indicates that parS DNA duplexes may 
detach from the HTH motif upon N engage- 
ment (or CTP hydrolysis), possibly explaining 
the transient nature of ParB/parS association. 
ParB dimers may, however, remain associated 
with chromosomal DNA even after release 
from parS if they were to entrap the DNA 
backbone. To test this possibility, we next 
used circular DNA for in vitro DNA loading 
experiments (Fig. 4A). ParBg.,,(T22C, S278C) 
was incubated with plasmid DNA (1873 bp) or 
linear DNA4yo in the presence of CTP and 
cross-linked with BMOE to preserve topo- 
logical interactions under protein-denaturing 
conditions (5). Control samples were nuclease- 
treated to release proteins from DNA. As 
expected, ParBz,,,(T22C, S278C) generated 
large fractions of covalently closed ParB 
rings with parS DNA only (Fig. 4A). When 
nuclease digestion was omitted, the ParB ring 
species was retained in the”““DNA4o sample 
but was eliminated from the ”’”*plasmid sam- 
ple containing CTP or CTPyS. Instead, a slowly 
migrating species was observed near the 
top of the gel, presumably corresponding to 
parSlasmid interlocked with multiple covalent 
ParB rings. DNA staining of polyacrylamide 
and agarose gels supported the notion of 
multiple ParB rings entrapping ?““plasmid 
(Fig. 4A and fig. S7). The efficient stimulation 
of ParB-DNA entrapment by CTPyS implies 
that CTP hydrolysis is dispensable for all 
steps of DNA loading. 

We next used single-molecule imaging 
to elucidate how CTP binding may relate 
to ParB spreading (27). The ends of linear 
26-kb DNA molecules containing a single 
parS sequence were immobilized in flow 
chambers. Increased DNA occupancy of la- 
beled ParB (™®ParB) was detected in the pres- 
ence of CTP (fig. S8A). However, no local 
enrichment of ™®ParB on DNA was observed, 
potentially due to ParB spreading from pars. 
We therefore used a labeled and catalytically 
inactive variant of the Eco RI restriction 
enzyme to test if this #“°T*%Eco RI=™® protein 
could function as a roadblock, which might 
constrain ParB spreading. Intriguingly, under 
these conditions ™®ParB became locally en- 
riched on DNA between two Eco RI sites 
flanking parS (Fig. 4B), indicating that 
HaloTaghog RI“ "2 had indeed restrained ParB 
spreading. ™®ParB localized more broadly 
when these two parS flanking Eco RI sites 
were removed (Fig. 4B). Local enrichment of 
TRParB was also lost when ATP was used 
instead of CTP or when 2°80 RIE 2 was 
added at the end of the experiment, despite 
normal localization of #°T®Eco RIE (Fig. 
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4B and fig. S8B). These results demonstrate 
that ParB enrichment at parS DNA is en- 
hanced by CTP and indicate that ParB trans- 
locates onto parS flanking DNA, unless it is 
restrained by roadblocks. These findings sup- 
port the notion that ParB forms self-loading 
DNA clamps whose sliding on chromosomal 
DNA is hampered by protein roadblocks. 

ParBz.,,(T22C) cross-linking was rather in- 
efficient in vivo (fig. S9), possibly indicating 
that levels of N engagement are low in the cell. 
Alternatively, cross-linking might be hampered 
for technical reasons or by steric blockage by 
other proteins such as ParA or SMC. To obtain 
information on ParB architecture by indepen- 
dent means, we extracted residue coevolution 
signatures from sequence data by direct cou- 
pling analysis (DCA) (28). We obtained ex- 
cellent agreement between the top 900 DCA 
contacts predicted from an alignment of 
157,776 ParB sequences and residue prox- 
imities observed in the ParB/nucleotide dimer 
(Fig. 4C). By contrast, the ParB/nucleotide 
monomer and published ParB structures 
failed to explain numerous DCA contacts or 
produced proximities not observed by DCA 
(fig. S10). These results strongly suggest that 
the dimer in the ParB/nucleotide structure 
closely resembles a state of ParB that is rel- 
evant in many bacteria. 

Our work shows that the widespread fam- 
ily of ParB proteins are enzymes that bind the 
atypical nucleotide CTP to promote spread- 
ing from cognate DNA sequences. Our data 
suggest that ParB dimers exist in an open, 
CTP-bound form in solution (Fig. 4D). Gate 
closure is energetically favorable but ex- 
tremely slow in the absence of parS. Physical 
association with parS catalyzes gate closure 
and DNA entrapment, which in turn releases 
ParB from parS. On the chromosome, the 
ParB DNA sliding clamps may frequently 
encounter roadblocks formed by RNA poly- 
merase and nucleoid-associated proteins. 
ParB sliding might thus be stochastically 
restricted, giving rise to the characteristic 
gradient distribution patterns observed by 
chromatin immunoprecipitation (6, 13). CTP 
hydrolysis is apparently not required for DNA 
loading or sliding. It might instead play a role 
in ParB recycling by destabilizing the closed 
gate, thereby determining the chromosom- 
al residence time of ParB and limiting the 
extent of ParB spreading. Altogether, CTP 
utilization enables robust enrichment of ParB 
at and near rare recognition sequences (~1 
cognate per 10° noncognate sites) even with 
little or no sequence specificity in DNA 
binding (/4). The CTPase domain is also 
present in a large variety of protein se- 
quences with diverse domain organizations 
(>100; PFAM: PF02195), implying that it 
plays prominent roles in multiple cellular 
processes. 
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ENHANCER GENOMICS 


Brain cell type-specific enhancer-promoter 
interactome maps and disease-risk association 


Alexi Nott?*, Inge R. Holtman’*, Nicole G. Coufal***, Johannes C. M. Schlachetzki?, Miao Yu°, 
Rong Hu®, Claudia Z. Han’, Monique Pena’, Jiayang Xiao*, Yin Wu?, Zahara Keulen®, 

Martina P. Pasillas', Carolyn O’Connor®, Christian K. Nicki’, Simon T. Schafer*, Zeyang Shen*”, 
Robert A. Rissman®®, James B. Brewer®, David Gosselin’”°, David D. Gonda“, Michael L. Levy", 
Michael G. Rosenfeld’, Graham McVicker’’, Fred H. Gage®, Bing Ren®““, Christopher K. Glass’°+ 


Noncoding genetic variation is a major driver of phenotypic diversity, but functional interpretation is 
challenging. To better understand common genetic variation associated with brain diseases, we defined 
noncoding regulatory regions for major cell types of the human brain. Whereas psychiatric disorders 
were primarily associated with variants in transcriptional enhancers and promoters in neurons, sporadic 
Alzheimer’s disease (AD) variants were largely confined to microglia enhancers. Interactome maps 
connecting disease-risk variants in cell-type—specific enhancers to promoters revealed an extended 
microglia gene network in AD. Deletion of a microglia-specific enhancer harboring AD-risk variants 
ablated BIN1 expression in microglia, but not in neurons or astrocytes. These findings revise and expand 
the list of genes likely to be influenced by noncoding variants in AD and suggest the probable cell types 


in which they function. 


he central nervous system is a complex 

organ consisting of diverse and highly in- 

terconnected cells. Single-cell-sequencing 

technologies have advanced our under- 

standing of the molecular phenotypes of 
human neurons, microglia, astrocytes, oligo- 
dendrocytes, and other cell types that reside 
within the brain (/-3), but the transcriptional 
mechanisms that control their developmental 
and functional properties in health and disease 
remain less well understood. Genome-wide 
association studies (GWASs) provide a genetic 
approach to identify molecular pathways in- 
volved in complex traits and diseases by de- 
fining associations between genetic variants 
and phenotypes of interest (4, 5). Large-scale 
GWASs have discovered hundreds of single- 
nucleotide polymorphisms (SNPs) associated 
with the risk of neurological and psychiatric 
disorders. The vast majority of these disease- 
risk genetic variants are located in noncoding 
regions of the genome (5). The causal variants 
and the specific cell type(s) in which the 
disease-risk variants may be active is often 
unclear. GWAS-identified risk variants in 
noncoding regions of the genome can exert 
phenotypic effects through perturbation of 
transcriptional gene promoters and enhancers 
(4). Enhancers are short regions of DNA that 
bind transcription factors to enhance messen- 


ger RNA expression from target promoters. 
Clusters of multiple enhancers, referred to as 
super-enhancers, are particularly important 
in driving the expression of cell-identity genes 
(6). Enhancer repertoires underlie particular 
patterns of gene expression and enable cell- 
type-specific responses (7). The activity of 
enhancers depends on three-dimensional 
enhancer-promoter interactions (8); however, 
the enhancer-promoter interactome of differ- 
ent brain cell types in vivo remains largely 
unknown. 

To characterize transcriptional regulatory 
elements within different cell types of the 
human brain, PU.1* microglia, NEUN* neuro- 
nal, OLIG2* oligodendrocyte, and NEUN"® 
LHX2" astrocyte nuclei were isolated from 
resected cortical brain tissue from six indi- 
viduals by fluorescent-activated nuclei sorting 
(fig. S1, A and B, and table S1). Cell-type- 
specific populations of 200,000 nuclei were sub- 
jected to the assay for transposase-accessible 
chromatin sequencing (ATAC-seq), which iden- 
tifies open regions of chromatin (9), and cell- 
type-specific populations of 500,000 nuclei 
were subjected to H3K27ac and H3K4me3 
chromatin immunoprecipitation sequencing 
(ChIP-seq), which predominantly identifies 
active chromatin regions and promoters, re- 
spectively (10, 11). These datasets clustered 


according to cell type of origin and exhibited 
cell-type-specific patterns (Fig. 1A and fig. S1, 
C to E). Promoter H3K27ac signal correlated 
with gene expression of the corresponding cell 
type more closely than ATAC-seq and H3K4me3 
ChIP-seq (fig. SIF) (12). Promoters associated 
with cell-type signature genes preferentially 
exhibited corresponding H3K27ac profiles 
(fig. SIG) (13). Oligodendrocyte nuclei con- 
tain a low signal for oligodendrocyte precur- 
sor cell signature genes, whereas neuronal 
nuclei represent a mixture of excitatory and 
inhibitory subtypes (fig. SIG). ATAC-seq and 
H3K27ac ChIP-seq profiles generated from 
PU.1 nuclei were highly correlated with those 
previously defined in ex vivo microglia (fig. S1, 
C and D) (4). Promoter H3K27ac signal was 
increased at microglia signature genes com- 
pared with genes associated with other 
myeloid populations (fig. S1H) (15). Cell-type- 
specific promoter activity defined by differ- 
ential H3K27ac mirrored cell-type patterns of 
gene expression (12), as well as ATAC-seq and 
H3K4me3 enrichment, and were associated 
with gene ontologies representative of each 
cell type (fig. S2, A to D, and table S2). 

We identified putative active promoters and 
enhancers in each cell type and found a one- 
to-many relationship between promoters and 
enhancers (8). Whereas active promoters are 
largely shared between cell types (Fig. 1B), a 
relatively small fraction of active enhancers 
overlap between cell types (Fig. 1C), indicat- 
ing that cell-type specificity is mainly captured 
within the enhancer repertoire. Most bulk brain- 
enhancer regions identified by PsychENCODE 
overlapped with the nuclei cell-type enhancers 
(94%) (13). However, analysis of cell-specific 
nuclei expanded the total number of putative 
brain enhancers by 87%. 

To determine the enrichment of genetic 
variants associated with complex traits and 
diseases in cell-type-specific regulatory regions, 
we performed linkage disequilibrium score 
(LDSC) regression analysis of heritability (76). 
LDSC uses GWAS summary statistics to de- 
termine whether genetic heritability for a 
trait or disease is enriched for SNPs within 
genome annotations while accounting for 
linkage disequilibrium. We obtained GWAS 
summary statistics for neurological and psy- 
chiatric disorders and neurobehavior traits 
(17) (table S3). We found a strong enrichment 
of heritability for variants within neuronal 
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enhancers and promoters for all psychiatric 
disorders and behavioral traits (Fig. 1D), which 
was substantially lower in PsychENCODE bulk 
brain enhancers (Fig. 1D) (73). By contrast, AD 
SNP heritability was most highly enriched in 
microglia-regulatory elements (Fig. 1D), specif- 
ically microglia enhancers (18-23). 

De novo motif analyses at open chromatin 
within enhancers identified transcription 
factor-binding motifs associated with each 
cell type (fig. S3). In addition, H3K27ac-defined 
active promoters identified 288 human tran- 
scription factors that were active in a cell-type- 
specific manner (fig. S4 and table S2) (24), 
several of which have been associated with 


disease (fig. S5 and table S4). Integrating cell- 
type-specific transcription factors with en- 
hancer motifs of the corresponding cell type 
identifies major drivers of cell ontogeny. 
The relationship between promoters and 
distal regulatory regions for different cell types 
in the brain is largely unknown. We used 
proximity ligation-assisted ChIP-seq (PLAC- 
seq), in which proximity ligation preceded an 
enrichment for active promoters by H3K4me3 
ChIP-seq (25). Chromatin loops were identified 
between active promoters and distal regulatory 
regions in microglia, neurons, and oligoden- 
drocytes (26). An example is the SAZZ1/ locus, 
which has interactions with cell-type-specific 


enhancers, including chromatin loops to a 
microglia-specific super-enhancer (Fig. 2A). 
There were 219,509 significant interactions 
across cell types, and replicates clustered 
according to origin (fig. S6, A and B, and 
table S5). Astrong H3K4me3 signal did not 
dictate that an interaction would occur 
(fig. S6C), suggesting that PLAC-seq cap- 
tures a unique dimension of the chromatin 
conformation. 

A subset of chromatin interactions was sig- 
nificantly more active in each cell type and 
colocalized with increased ATAC-seq, H3K27ac, 
and H3K4me3 ChIP-seq signal in a cell-type- 
specific manner (Fig. 2B and fig. S6D). Active 
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Fig. 1. Cell-type-specific genomic regulatory region enrichments for 
GWAS risk variants for brain disorders and behavioral traits. (A) UCSC 
genome browser visualization of ATAC-seq (top panel), H3K4me3 ChIP-seq 
(middle panel), and H3K27ac ChIP-seq (bottom panel) for brain nuclei 
populations. Shown is a representative gene for microglia (CX3CR1), neurons 
(NEFL), oligodendrocytes (MOG), and astrocytes (GJA1). (B) Chow-Ruskey plot 
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of promoter regions defined for cell populations. (©) Chow-Ruskey plot of 
enhancer regions defined for cell populations and PsychENCODE enhancers 
defined using bulk brain. (D) Heatmap of LDSC analysis for genetic variants 
associated with brain disorders and behavior traits displayed as —logl0(q) value 
for significance of enrichment for promoter and enhancer regions of cell 
populations and PsychENCODE bulk brain enhancers. OL, oligodendrocytes. 
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Fig. 2. Chromatin loops link promoters to active gene-regulatory regions. 
(A) UCSC genome browser visualization of ATAC-seq, H3K27ac ChIP-seq, 
H3K4me3 ChIP-seq and PLAC-seq loops at the SALLI locus. The microglia- 
specific super-enhancer is associated with microglia interactions (highlighted 

, H3K4me3 ChIP-seq and 


yellow). (B) Violin plots of ATAC-seq, H3K27ac ChIP-seq 


promoters linked to microglia-, neuron-, and 
oligodendrocyte-enriched interactions were 
associated with gene ontology terms repre- 
sentative of each cell type, supporting the 
ability of the PLAC interactome to annotate 
cell-type-specific promoter-enhancer inter- 
actions (Fig. 2C). 

We identified 2,954 super-enhancers in 
microglia, neurons, and oligodendrocytes, of 
which 83% had PLAC interactions and were 
linked to promoters with elevated H3K27ac 
levels compared with promoters linked to 
regular enhancers (fig. S7, A and B). Many 
super-enhancers harbored GWAS disease- 
risk variants and were connected to cell-type- 
specific genes, suggesting that a subset of GWAS 
variants act on super-enhancers to affect gene 
expression (fig. S7A and table S6). 

To better understand AD genetics and the 
microglia interactome, we distinguished like- 
ly causal variants from those in linkage dis- 
equilibrium by applying fine mapping and 
identified 261 credible set variants (18). In 
many instances, such as the BIN/I, PICALM, 
and SORL1I loci, the fine-mapped variants 
overlapped with microglia-specific enhancers 
that were PLAC linked to corresponding gene 
promoters (Fig. 3A). Next, we determined 
PLAC interactions between active promoters 
and AD-risk-credible set variants (19) and 
identified 41 genes that were linked to these 
variants across cell types (fig. S8). Twenty-five 
of the PLAC-linked AD-risk genes were iden- 
tified in microglia, of which 14 were not de- 


Nott et al., Science 366, 1134-1139 (2019) 


= 
Neuere ee | 


17.5 see xae 
ae ei 


ERE FEE 
*EK EK 
Era Era 


BOOM 


Glial cell differentiation 

Gliogenesis 

Negative regulation of neurogenesis 

Neg. reg. of nervous system development 
Oligodendrocyte differentiation 

Negative regulation of cell differentiation 
Negative regulation of cell development 


ATAC H3K27ac H3K4me3__ RNA 


tected in the other cell types (Fig. 3B and fig. S8). 
A broader set of 134 putative risk genes were 
identified by applying the same analysis to all 
genome-wide significant variants found in 
two AD GWASs (figs. S8 and S9, A and B, and 
table S7) (8, 19). 

Protein-protein interaction (PPI) network 
analysis showed that microglia AD-risk genes 
identified by PLAC-seq were highly connected 
with GWAS-assigned genes and centered around 
APOE, whereas PPI networks for neurons 
and oligodendrocytes were smaller in scope 
(fig. S9, C to E). Microglia AD-assigned genes 
were associated with gene ontology terms for 
immune function, whereas gene ontology terms 
for amyloid-beta processing were associated 
with neurons, microglia, and oligodendrocytes 
(fig. SOF). 

PLAC interactions altered the interpretation 
of AD-risk variants for three reasons. First, 
we found AD-risk variants that were linked 
to more distal active promoters and not the 
closest gene promoter. An example is the 
SLC24A4 locus, which had AD-risk variants 
that were connected to the proximal active 
promoters of ATXN3, TRIPII, and CPSF2, but 
not to SLC24A4 (Fig. 3C). Second, we observed 
enhancers harboring AD-risk variants that 
were PLAC linked to active promoters of both 
GWAS-assigned genes and an extended sub- 
set of genes not assigned to GWAS loci. An 
example is the CLU locus, which had PLAC- 
linked AD-risk variants to the GWAS-assigned 
genes CLU and PTK2B and an extended set 
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RNA-seq log2(CPM+1) values at PLAC-seq up-regulated interactions shown in 

fig. S6D for microglia, neurons, and oligodendrocytes; ***p < le-12; **p < le-5; 
*p < le-3 by Kruskal-Wallis between-groups test. (C) Metascape enrichment 
analyses of active genes identified at PLAC-seq up-regulated interactions shown in 
fig. S6D for microglia, neurons, and oligodendrocytes shown as —logl0(q) values. 


of genes: TRIM35, CHRNA2, SCARA3, and 
CCDC25 (Fig. 3D). Finally, we identified cell- 
type-specific enhancers harboring AD-risk 
variants that were linked to genes expressed 
in multiple cell types, implicating cell-type- 
specific disease susceptibility. Examples are 
the PICALM and BIN1 loci, which, despite 
being expressed in multiple cell types (72), 
had microglia-specific enhancers harboring 
AD-risk variants (Figs. 3E and 4A). 

The BINI microglia-specific enhancer is 
PLAC linked to the BINI promoter (Fig. 4A), 
binds to PU.1 (14), and contains the AD-risk 
variant rs6733839, which has the second- 
highest AD-risk score after APOE and was fine 
mapped as a casual variant (Fig. 3A). Func- 
tionality of this microglia-specific enhancer 
was validated by CRISPR/Cas9-mediated dele- 
tion of a 363-bp region in two human pluri- 
potent stem cell (PSC) lines (fig. S10, A to C). PSC 
control (BINI°""”) and BINI enhancer dele- 
tion (BINI“-**) lines had normal karyotypes 
(fig. S10D) and were differentiated into microg- 
lia, neurons, and astrocytes (Fig. 4B and figs. 
S11, A to D, and S12, A and B). Gene-expression 
analysis of BINT"! and BINIC—" jines in 
PSC and PSC-derived microglia, neurons, and 
astrocytes showed high correlation between 
samples, with clustering according to cell type 
(fig. S12, C and D). However, gene expression 
of BINI was nearly absent in the BIN7™-** 
PSC-derived microglia, whereas BINI expres- 
sion in BINT"! pscs and PSC-derived neu- 
rons and astrocytes was equivalent to that in 
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Fig. 3. Expanded gene network of AD-risk loci. (A) Circos plot of AD GWAS —__(B) Chow-Ruskey plot of genes that are GWAS assigned and PLAC-seq linked 


loci showing microglia enhancers (gold bars), promoters (turquoise), open to AD-risk-credible set variants in microglia, neurons, and oligodendrocytes. 
chromatin regions (black bars), and PLAC-seq interactions (black loops). (C to E) UCSC genome browser visualization of interactions at AD-risk loci 
Dots show z-score values of high-confidence AD variants identified by fine demonstrating: (C) reassignment of GWAS-assigned genes, (D) extension of 
mapping (Kunkle stage 1) with a loglO p-value < 6e-5 (18). Blue dots GWAS-assigned genes, and (E) cell-type-specific gene-regulatory regions. 
represent z-score values of the credible set of AD SNPs (95% confidence); The AD GWAS track shows meta-analysis p-values of stage 2 variants (18); 


red lines show 15 high-confidence AD SNPs with a posterior probability > 0.2. __ line indicates p = 5e-8; blue dots are fine-mapped 95% credible set variants. 
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Fig. 4. Deletion of a microglia-specific 
enhancer harboring a lead AD-risk variant 
affects microglia BIN1 expression. (A) UCSC 
genome browser visualization of the BINI locus 
showing AD-risk variants, ATAC-seq, H3K27ac 
ChIP-seq, H3K4me3 ChIP-seq, and PLAC-seq in 
different brain cell types. The shared active 
promoter region is highlighted in light blue; the 
microglia-specific enhancer region is highlighted in 
pink. The AD GWAS track shows meta-analysis 
p-values of stage 2 variants (18); line indicates 
p-value = 5e-8; blue dots are fine-mapped 95% 
credible set variants. (B) Immunohistochemistry 
of PSCs, microglia, neurons, and astrocytes 

in control and BINI°""-*' lines stained for 

the indicated cell lineage markers. (C) BIN1 

gene expression in control and BINI°""-*"| PSCs 
(N = 8,7), microglia (N = 6,5), neurons (N = 6,5), 
and astrocytes (N = 4,5) as RNA-seq TPM. 

****n < 0.0001, Benjamini—Hochberg adjusted. 
(D) Western blot of BIN] and GAPDH in control and 
BINI°""-*! PSC-derived microglia (top) and neu- 
rons (bottom). (E) Protein expression of BIN1 in 
control and BINI®™-**! PSCs, microglia, neurons, 
and astrocytes determined as Western blot BIN1/ 
GAPDH mean gray intensity. N = 4 controls, 3 
BINI°""-©*! per cell type. **p < 0.01 by unpaired 
two-tailed t test. 


BINT"! cells (Fig. 4C, fig. S12E, and table 
S8). Western blot confirmed BINI protein in 
BINI'™*! PSCs and PSC-derived microglia, 
neurons, and astrocytes (Fig. 4, D and E, and 
fig. S12F). BIN1 expression was unchanged in 
BINI™"-**! pgc-derived microglia precursor 
hematopoietic stem cells, indicating that mi- 
croglia derivation was unaffected (fig. S12F). 
However, BIN1 was substantially reduced in 
BINI“™>-**! microglia and not in neurons and 
astrocytes (Fig. 4, D and E). This finding that 
the most significant GWAS risk allele associ- 
ated with BINI resides in a microglia-specific 
enhancer provides a rationale for further in- 
vestigation of its function in these cells (27). 
The present study provides evidence that the 
identification of cell-type-specific promoter- 
enhancer interactomes enables substantial 
advances in the interpretation of GWAS-risk 
alleles and establishes a new resource for this 
purpose in a broad spectrum of neurological 
and psychiatric diseases. Major goals will be 
to extend these approaches to diseased tissues 
and to refine nuclear-sorting protocols to in- 
terrogate enhancer landscapes of informative 
cell subsets such as amyloid plaque-associated 
microglia (28). Disease-specific regulatory ele- 
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ments are likely to be influenced by genetic 
variation, which, because of our limited sample 
size, may partly explain the lack of overlap of a 
subset of risk alleles with the current regulatory 
atlases. The acquisition of more samples will 
provide further opportunity to evaluate inter- 
individual variation on enhancer selection and 
function. We expect that these approaches will 
provide qualitatively new insights into dis- 
ease mechanisms that may be of value in 
developing new approaches for prevention 
and treatment. 
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Comprehensive AAV capsid fitness landscape reveals 
a viral gene and enables machine-guided design 


Pierce J. Ogden'**, Eric D. Kelsic-?**+, Sam Sinai?+5, George M. Church??>4+ 


Adeno-associated virus (AAV) capsids can deliver transformative gene therapies, but our understanding 
of AAV biology remains incomplete. We generated the complete first-order AAV2 capsid fitness 
landscape, characterizing all single-codon substitutions, insertions, and deletions across multiple 
functions relevant for in vivo delivery. We discovered a frameshifted gene in the VP1 region that 
expresses a membrane-associated accessory protein that limits AAV production through competitive 
exclusion. Mutant biodistribution revealed the importance of both surface-exposed and buried residues, 
with a few phenotypic profiles characterizing most variants. Finally, we algorithmically designed and 
experimentally verified a diverse in vivo targeted capsid library with viability far exceeding random 
mutagenesis approaches. These results demonstrate the power of systematic mutagenesis for 
deciphering complex genomes and the potential of empirical machine-guided protein engineering. 


ince the discovery of the adeno-associated 

virus (AAV) in 1965 (1), AAV capsids have 

become a powerful tool for therapeutic 

in vivo gene delivery (2, 3). However, the 

transduction efficiency of natural cap- 
sids is still limiting for therapeutic purposes 
(4). Furthermore, engineering of enhanced 
capsids has proven challenging because of the 
complexity of genotype-phenotype relation- 
ships and the many functional properties that 
must be simultaneously optimized (5). 

To better understand AAV function and 
inform capsid engineering, we generated all 
single-codon mutants of the AAV2 cap gene. 
AAV?2 is the most well-characterized AAV 
serotype and is a component of the first U.S. 
Food and Drug Administration-approved gene 
therapy (2). Additionally, the AAV2 rep gene 
and inverted terminal repeat (ITR) sequences 
are commonly used for recombinant AAV pro- 
duction. Whereas recent high-throughput AAV 
mutagenesis studies have focused on limited 
capsid regions (6, 7), we examined the effects 
of mutations systematically across all 735 posi- 
tions. Moreover, we included all synonymous 
codons for each amino acid to enable detection 
of noncoding elements. Wild-type (WT) AAV2 
sequences and stop codon substitutions were 
included as positive and negative controls, 
respectively. In addition to codon substitu- 
tions, we generated all single-codon insertions 
and deletions. The full library was generated 
through mutant synthesis and plasmid assem- 
bly: final constructs contained ITRs flanking 
the full-length capsid gene with an upstream 
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promoter and a downstream barcode, enabling 
pooled measurements of mutant frequencies 
by high-throughput sequencing (Fig. 1A and 
fig. SI). 

To understand how mutations affect virus 
production (e.g., capsid assembly and genome 
packaging), we transfected the plasmid library 
into human embryonic kidney (HEK) 293T cells 
to produce recombinant AAV and purified the 
resulting virus. We calculated the fitness of 
each variant as normalized enrichment rela- 
tive to WT (Fig. 1B), summing counts for all 
synonymous codons of the same amino acid. 
VP1, VP2, and VP3 are cap isoforms that as- 
semble into capsids with a 1:1:10 ratio (8). We 
observed that nonsense mutations in the VP3 
region were more strongly depleted than those 
in VPI and VP2 (Fig. 1C), consistent with only 
VP3 being essential for capsid assembly (9). 

We found that mutations at buried positions 
and those near the 5-fold axis of symmetry 
were more deleterious, whereas exposed re- 
sidues and those at the 3-fold axis were better 
tolerated (Fig. 1, D and E). Additionally, mu- 
tations in variable regions identified from evo- 
lutionary capsid alignments (J0) had greater 
average fitness than nonvariable regions (Fig. 
1E). Outside of the variable regions, substi- 
tution to amino acids found within other 
serotypes were better tolerated than substitu- 
tions to amino acids never observed across a 
set of commonly studied AAVs (Fig. 1F). In 
contrast to alanine scanning, comprehensive 
mutagenesis revealed the importance of 
amino acid biochemical properties: positive 
charge was more deleterious across all posi- 
tions, whereas negative charge was beneficial 
mainly at external projections, especially near 
the 3-fold axis (Fig. 1D). Mutations to methi- 
onine (ATG) were deleterious throughout the 
VP1 region, likely because the early initiation 
of translation there reduced the production of 
VP2 and VP3 monomers or because truncated 
VP1 products inhibit capsid formation. 
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We also developed assays for measuring the 
evasion of neutralizing antibodies and ther- 
mostability. We identified mutations that 
escape neutralization by the A20 monoclonal 
antibody, whose binding epitope on the cap- 
sid surface has been identified through cryo- 
electron microscopy (17). Many mutants escaped 
neutralization, with escaping mutations being 
more likely to arise from known A20 epitope 
positions (fig. $4). We further measured capsid 
thermostability by incubating the library at 
varying temperatures and then digesting any 
genomes released from capsids. Most muta- 
tions that decreased thermostability occurred 
at the 3-fold axis, suggesting that capsid dis- 
assembly initiates at these positions (fig. S5). 
These in vitro assays showed the utility and 
versatility of such libraries for studying com- 
plex AAV functions. 

Our comprehensive codon-scanning ap- 
proach enabled the detection of hidden gene 
products and genetic elements. In particular, 
functions independent of coding for the capsid 
could manifest as fitness differences among 
synonymous codons. We devised a Frameshift 
Score (FS) to detect the presence of frame- 
shifted open reading frames (ORFs) by com- 
paring the differences in fitness observed 
among synonymous cap mutants when stop 
codons in alternative reading frames were 
present or absent. We evaluated this metric 
using AAV production data across Assembly 
Activating Protein (AAP), a known frame- 
shifted ORF within cap (9). We observed sig- 
nificant FS in the +1 frame (Fig. 2A), as 
expected given AAP’s essential role in AAV2 
capsid assembly (9). Other frameshifted ORFs, 
such as the X gene, have been proposed (12), 
however, we detected no highly significant FS 
within this region. 

Instead, we detected a +1 frameshifted ORF 
in the VP1 region (Fig. 2A). Guided by differ- 
ences in fitness of synonymous codons, we 
identified cap positions 27 to 147 as the most 
likely ORF location. We hypothesized that 
the ORF starts with CTG, a noncanonical 
start codon. Supporting this hypothesis, all 
mutations to P27(CCT) were deleterious, ex- 
cept those that preserved the CTG start codon 
(fig. S6A). In this frame, translation continues 
until reaching a TAG stop codon, creating a 
protein 119 amino acids in length (fig. S7). 
A pBLAST search for this sequence on the 
National Center for Biotechnology Information 
(NCBI) website against the nonredundant 
protein database returned no proteins with 
significant homology. 

To validate the ORF’s translation in the 
native context we added a FLAG tag at the 
C terminus and transfected the plasmid con- 
struct into HEK293T cells. Using Western 
blotting, we confirmed the presence of a pro- 
tein migrating near the expected size of 16 kDa 
(Fig. 2B and fig. S6B). Synonymous changes to 
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cap that mutated the hypothesized CTG start 
codon ablated the primary protein product, 
as did a cap mutation creating an early stop 
codon (Fig. 2B). Light bands at lower molec- 
ular weight indicated the potential presence of 
additional downstream start codons. 
Intriguingly, although AAV2 assembles in 
the nucleolus (73), anti-FLAG immunofluo- 


rescence imaging revealed the ORF protein 
to be membrane associated (fig. S6C). We 
confirmed this by replacing the FLAG tag with 
a C-terminal GFP fusion and also by testing 
sequences derived from AAV5, AAV8, and 
AAVS9. In all cases, the protein was associated 
with the cell membrane (Fig. 2C and figs. S6, C 
and D, and S8). On the basis of these obser- 
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Fig. 1. Measurement of all single AAV2 capsid mutations in a multiplexed 
viral production assay. (A) Assay and calculation of production fitness (s'). 
(B) Barcode frequencies: plasmid (f,) versus virus (f,). (C) Fitness for WT 
replicates and stop codons in VP1, VP2, and VP3. (D) Fitness for all single- 
amino-acid insertions, deletions (A), stop codons (*), and substitutions. 
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vations, we proposed the name “membrane- 
associated accessory protein” (MAAP). 

To understand the functional role of MAAP, 
we repeated the production experiment while 
supplementing the library with MAAP ex- 
pressed in trans. This rescued the packaging 
abilities of VP mutants containing MAAP- 
null mutants (Fig. 2D). Although MAAP-null 
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Fig. 2. A frameshifted protein expressed from the A 

VP1 region functions through competitive exclusion. log2(s’) 0.0 
(A) Discovery of MAAP, a frameshifted ORF in the 95 
VP1 region. Top: Production fitness for mutations with 0 
stop codons in the +1 frame (red) and for cap codons eae) 
synonymous to the red points but without creating 

stops in the +1 frame (gray). Solid lines indicate MAAP VP Position 
the 10-position moving average. Bottom: p-value for B Rep -FLAG 
the observed difference in +1 frame stops and non-stops —— —— ae: 

for the moving window of 10 positions. (B) Western GAPDH ) —— v 
blot of MAAP-3xFLAG with M2 anti-FLAG HRP antibody Ld Ea BOB 
and an anti-GAPDH loading control. (©) Membrane —— ba Bs 
association: confocal imaging of MAAP-GFP localization FLAG = : T T T T 

for AAV serotypes 2, 5, 8, and 9. Blue is membrane mutation WT = MAAP MAAP eee ee ane “que 

stain and green is green fluorescent protein. AStart AStop 27AStart 32AStop 

(D) Deleterious effects on production for MAAP Cc 
stop codons relative to other synonymous codons 

in the cap gene, supplying in trans: pRep, 

pRep+MAAP, or pRept+MAAP negative controls. 

*p < 10°° (Mann-Whitney U test). (E) MAAP mutants 
produce at levels similar to WT when expressed individu- 
ally (top) are outcompeted by WT in a head-to-head 
format, but then rescued by pRept+MAAP in trans 
(bottom). **p < 0.05, ***p < 0.01 (one-way t-test). 
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Fig. 4. Machine-guided design of AAV capsids outperforms random 
mutagenesis. (A) Left: Generation of multimutants from individual amino-acid 
liver-biodistribution measurements (black dots: WT). Mutation probability 
distributions for each position are calculated from single—amino-acid mutant 
fitness (top). Right: Sampled mutations are combined to generate a multimutant 
target variant and then all mutants from WT to target are synthesized and 


mutants produced individually did not have 
reduced titers relative to WT, when we assayed 
individual MAAP mutants in head-to-head 
competition with WT, MAAP mutants were 
outcompeted unless complemented in trans 
with functional MAAP (Fig. 2E). MAAP’s func- 
tion therefore manifests through competitive 
exclusion, possibly explaining the high genome- 
capsid coupling observed for libraries of en- 
gineered AAV capsids (14). 

We studied the effects of mutations on in 
vivo delivery by administering the virus library 
to mice through retroorbital injection. We 
collected blood 1 hour later; spleen, liver, kid- 
ney, heart, and lung 18 days later; and then 
sequenced barcodes from purified virus ge- 
nomes (Fig. 3A and fig. S9). We chose five 
mutants with divergent biodistribution pro- 
files and verified that biodistribution from 
individual variants matched our library-based 
measurements (Fig. 3B). 

Principal component analysis (PCA) revealed 
distinct relationships between tropism profiles 
and capsid structure. The first two principal 
components explained 80% of the variance in 
tropism profiles. We identified three mutant 
clusters that increased biodistribution to at 
least one tissue (Fig. 3CD and fig. S10). 
Cluster 1 included the well-studied R585 and 
R588 mutants (75), which were depleted from 
the liver and enriched in the blood, as ex- 
pected, and enriched in the heart and kidney. 
Cluster 2 mutants were similar, but selectively 


Ogden et al., Science 366, 1139-1143 (2019) 


= 


A A 
E E 
N ON 
cr on 
A A 
' oT 
ts 
N ON 
Vovie 
am 
o og Qa |e 
y § oa ais 
G &G cs] 
e £ £ € € 1/6 
ee Nfetaned Vereen reer ot A e 
8s 6 ¢ $ cs 8 
E  : & oe) we 
N N N N NN 
2 4 @ @ @ 4 
R R RR R RR Random 
G G G G G G mutants 
ae Noeprers © Peer eeeces Cree) ere: cl} 
oR Re ke a 


#2 #3 #4 #5 
Designed mutant 


a 
a 


depleted from the heart. Cluster 3 mutants 
were depleted from the blood and spleen but 
enriched across the other tissues. The struc- 
tural locations of these clusters were distinct: 
Mutants from cluster 1 and cluster 2 occurred 
in tight patches on the capsid surface near the 
3-fold axis, whereas cluster 3 mutations were 
dispersed in buried positions throughout the 
capsid (Fig. 3E). 

With most single-amino-acid changes being 
deleterious, introducing multiple mutations 
without breaking capsid function has been a 
limitation for engineering through random 
mutagenesis (16). We hypothesized that an 
additive model built from our data would ap- 
proximate the fitness of nearby variants with 
multiple mutations, enabling the design of 
functional variants with greater throughput 
than rational design and higher efficiency than 
random mutagenesis. 

To validate this hypothesis, we focused on 
capsid positions 561 to 588, a region contain- 
ing both surface-exposed and buried positions. 
Informed by liver-biodistribution data from an 
additional in vivo mouse experiment focused 
on single mutations only at these positions 
(Fig. 4A), we designed multimutant variants 
by sampling mutations at each position pro- 
portional to their measured effect on liver de- 
livery. Within the library, each designed target 
variant was tested either alone or with a 
complete path of stepwise edits from WT to 
the target itself (Fig. 4A). 
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experimentally measured (top shows ordering by increasing fitness). (B) Top: 
Fraction of designed mutants with liver biodistribution values greater than WT 
for random (gray) and machine-guided design mutants (orange). Bottom: 
Distribution of biodistribution values for random and designed mutants separated 
by number of mutations. Even at distances farther than four mutations, the 
designed approach outperforms random mutagenesis (pink box). 


Using this strategy, we designed 1271 variants 
in addition to 10,047 randomly generated 
mutants with 1 to 10 mutations from the WT 
reference and measured liver biodistribution 
in mice. The designed set contained a much 
higher fraction of mutants targeted to the liver. 
This trend was most pronounced when the 
number of mutations was four or more: 147 
designed mutants (25.6% of those tested) were 
functional, whereas nearly all of the 4477 ran- 
domly generated mutants were not viable or had 
weaker liver tropism than WT (99.8%; Fig. 4B). 

Our comprehensive, machine-guided design 
strategy generated viable mutants in a prin- 
cipled and high-throughput manner and is 
generalizable to other proteins and engineer- 
ing challenges. Applied to AAV, such methods 
now enable the systematic optimization of nat- 
ural capsids into synthetic variants with en- 
hanced properties for emerging gene therapies. 
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Lactose drives Enterococcus expansion to promote 


graft-versus-host disease 


C. K. Stein-Thoeringer'2%, K. B. Nichols??, A. Lazrak'?, M. D. Docampo*”, A. E. Slingerland*, 

J. B. Slingerland*, A. G. Clurman’, G. Armijo'?, A. L. C. Gomes*?, Y. Shono*’, A. Staffas?, 

M. Burgos da Silva’, S. M. Devlin’, K. A. Markey’, D. Bajic®, R. Pinedo’, A. Tsakmaklis®°, 

E. R. Littmann’?°, A. Pastore’, Y. Taur’, S. Monette’, M. E. Arcila’?, A. J. Pickard’*, M. Maloy’, 

R. J. Wright?, L. A. Amoretti?, E. Fontana’, D. Pham’®, M. A. Jamal’®, D. Weber’®, A. D. Sung”, 

D. Hashimoto”, C. Scheid®, J. B. Xavier’, J. A. Messina”°, K. Romero”, M. Lew”, A. Bush”, 

L. Bohannon”, K. Hayasaka2“, Y. Hasegawa”®, M. J. G. T. Vehreschild®®5, J. R. Cross’*, D. M. Ponce”, 
M. A. Perales”, S. A. Giralt?“, R. R. Jenq?®, T. Teshima’®:2, E. Holler’®, N. J. Chao”, E. G. Pamer?2?°, 


J. U. Peled??4*+, M. R. M. van den Brink?24*+ 


Disruption of intestinal microbial communities appears to underlie many human illnesses, but the 
mechanisms that promote this dysbiosis and its adverse consequences are poorly understood. In 
patients who received allogeneic hematopoietic cell transplantation (allo-HCT), we describe a high 
incidence of enterococcal expansion, which was associated with graft-versus-host disease (GVHD) and 
mortality. We found that Enterococcus also expands in the mouse gastrointestinal tract after allo-HCT 
and exacerbates disease severity in gnotobiotic models. Enterococcus growth is dependent on the 
disaccharide lactose, and dietary lactose depletion attenuates Enterococcus outgrowth and reduces the 
severity of GVHD in mice. Allo-HCT patients carrying lactose-nonabsorber genotypes showed 
compromised clearance of postantibiotic Enterococcus domination. We report lactose as a common 
nutrient that drives expansion of a commensal bacterium that exacerbates an intestinal and systemic 


inflammatory disease. 


he healthy gut is inhabited by a diverse 

community of mostly anaerobic bacteria, 

and a hallmark of microbial imbalance 

(dysbiosis) observed in many disease 

states involves the expansion of facul- 
tative anaerobic bacteria (7). Enterococci are 
facultative anaerobes that colonize the intes- 
tines of almost every species, from insects 
to mammals (2), and make up a very small 
proportion (<0.1%) of the gut microbiota in 
healthy humans (3). However, enterococci 
are also pathogens; the species Enterococcus 
faecium and Enterococcus faecalis are impor- 
tant causes of multidrug-resistant infections 
in patients (4). In single-center studies, E. 
faecium has been observed to dominate the 
fecal microbiota of immunocompromised 
patients after allogeneic hematopoietic cell 
transplantation (allo-HCT), a curative-intent 
therapy for hematological malignancies (5-7). 
Moreover, fecal domination with vancomycin- 
resistant enterococci increases the risk of 


bloodstream infection in allo-HCT patients 
(5, 8). Patients with severe graft-versus-host 
disease (GVHD) after allo-HCT have poor 
outcomes with only ~30% long-term survival 
(9). Gut microbiota perturbations caused by 
broad-spectrum antibiotics and a reduction 
in microbial diversity are associated with in- 
creased transplant-related mortality and lethal 
GVHD in humans and mice (10-13). Besides 
causing infections, experimental studies in gno- 
tobiotic mice have revealed that enterococci 
play an important role in colitis (74) by stimulat- 
ing antigen-presenting cells and CD4*RORy* 
T cell infiltration, causing intestinal inflam- 
mation (15). In this study, we investigated 
the role of enterococci in the development of 
acute GVHD, both in allo-HCT patients and 
preclinical allo-HCT mouse models. 

We used 16S ribosomal RNA (rRNA) gene 
sequencing to study the fecal microbiota of 
1325 adult allo-HCT recipients at four HCT 
centers: Memorial Sloan Kettering Cancer 


Center (MSKCC) (United States), Duke Uni- 
versity (United States), Hokkaido University 
(Japan), and University Hospital Regensburg 
(Germany). Patient characteristics are shown 
in table S1. We observed high abundance 
of enterococci soon after transplantation 
in samples from all four transplant centers 
(Fig. 1B and fig. SIB). We defined Enterococcus 
domination as relative genus abundance =0.3 
(230%) in any fecal sample, following a thresh- 
old we have used previously (5) (materials and 
methods and fig. S2C). The incidence of 
domination rose comparably across cen- 
ters, with up to 65% of patients exhibiting a 
domination event after allo-HCT (Fig. 1A). 
E. faectum was the dominant species in both 
the MSKCC and the multicenter-validation 
cohort (Duke, Hokkaido, and Regensburg) 
(Fig. 1B, fig. S1, and table $2), where 40.1% 
of MSKCC patients (441 of 1101 patients) and 
46.0% of multicenter-validation patients (103 of 
224 patients) met criteria for domination at 
any time point between day -20 and day +80 
relative to the date of allo-HCT, in which cells 
are infused on day 0. 

Fecal domination by Enterococcus in the 
early posttransplant period (day 0 to +21) 
was associated with significantly reduced 
overall survival and increased GVHD-related 
mortality in both the MSKCC and multicenter- 
validation cohort, as well as an increased 
risk of moderate-to-severe acute GVHD in 
the MSKCC cohort (Fig. 1, C and D, fig. S2, 
A and B, and table S3). The risk of relapse 
or disease progression was not associated with 
enterococcal domination in either cohort. The 
association of domination by genus Enterococcus 
with clinical outcomes in the MSKCC cohort 
remained significant in a multivariate analysis 
adjusted for graft source, disease, conditioning 
intensity, gender, and age (table S4). In a 
subset of MSKCC patients, the vanA operon 
was found in 152 (37.4%) of 406 patients that 
had samples available for analysis, indicating 
the presence of vancomycin-resistant enterococci 
(VRE) (fig. S2E). Notably, expansions of several 
different taxa were detected in fecal samples in 
this study, but the Enterococcus genus was the 
one most commonly observed dominating the 
microbiota in all four transplant centers (fig. S3 
and tables S5 and S6). 
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To further investigate these clinical obser- 
vations, we examined the fecal microbiota of 
mice early after transplantation using well- 
established mouse models of allo-HCT. In a 
major histocompatibility complex (MHC)- 
matched, minor-antigen-mismatched allo-HCT 
model [C57BL/6-to-129S1/Sv transplant (C57BL/ 
6—129S1/Sv)], we performed 16S rRNA gene 
sequencing of fecal samples and found that 
E. faecalis dominated the fecal microbiota 
at posttransplant day +8 in mice who re- 
ceived T cell-replete grafts and developed 
lethal, acute GVHD (Fig. 2A and fig. S4A). 
In contrast to the patients who had pro- 
longed antibiotic exposures, this expansion of 
FE. faecalis was independent of antibiotic 
administration and dependent upon GVHD, 
as it was not observed in control recipients of 
T cell-depleted allografts in which GVHD did 


not develop. This posttransplant expansion of 
enterococci was consistently found in two 
additional lethal GVHD models: C57BL/6— 
BALB/c mice (MHC-disparate model after ir- 
radiation conditioning) (Fig. 2B) and LP/ 
J—C57BL/6 mice [MHC-matched, minor- 
antigen-mismatched after busulfan and 
cyclophosphamide conditioning (J6)] (Fig. 2C). 
The expansion of enterococci in murine allo- 
HCT recipients with GVHD was accompanied 
by an increase in Enterococcus colony-forming 
units recovered from mesenteric lymph nodes, 
consistent with increased bacterial translo- 
cation (Fig. 2B). 

Although we observed EF. faecium domina- 
tion in patients and a transient expansion of 
FE. faecalis in GVHD mice, we hypothesized 
that both members of this genus might be 
associated with GVHD. Of note, EF. faecium 


only recently became recognized as a major 
human pathogen; before the 1990s it was 
E. faecalis that caused >90% of clinical in- 
fections (17). Because E. faecalis expands in 
mice with GVHD and is the major Enterococcus 
species in laboratory mice, we next investigated 
whether EF. faecalis contributes to GVHD. We 
colonized germ-free C57BL/6 mice with a com- 
munity of six bacterial strains (Akkermansia 
muciniphila, Lactobacillus johnsonii, Blautia 
producta, Bacteroides sartorii, Clostridium 
bolteae, and Parabacteroides diastonis; see 
materials and methods) (J0, 18, 19) 21 days 
prior to allo-HCT (LP/J—gnotobiotic C57BL/6). 
One group of mice was cocolonized on day —21 
with E. faecalis OGIRF, which remained 
detectable in mouse feces on days 0 and +7 
(Fig. 2D, right panel, and fig. S4E). GVHD 
was exacerbated in E. faecalis-harboring mice 
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Fig. 1. Enterococcus domination occurs globally and increases risk of 
GVHD and mortality after allo-HCT. Fecal microbiota were profiled using 16S 
rRNA gene sequencing of 1325 adult allo-HCT recipients. The patients attended 
one of four HCT centers in different countries: MSKCC (United States), Duke 
University (United States), Hokkaido University (Japan), and University Hospital 
Regensburg (Germany). (A) (Left) Cumulative incidence of patients who 
experienced at least one instance of genus Enterococcus domination of the gut 
microbiota [domination defined as a genus relative abundance of 20.3 (on a 
unitless scale from O to 1) over the course of allo-HCT (day -20 to +24 relative 
to HCT; using 7-day sliding windows) at different transplant centers]. (Right) 
Fraction of fecal specimens with enterococcal domination of the gut microbiota. 
(B) Relative abundance of different Enterococcus spp. in the microbiota of 
allo-HCT patients from the MSKCC and multicenter-validation cohort over the 
course of HCT, determined by 16S rRNA gene sequencing of fecal samples. Each 
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point represents a fecal sample, and color indicates the different Enterococcus 
spp.; the red dotted line indicates the threshold for domination set at a relative 
abundance 20.3. (C) Overall survival (left) and cumulative incidence of GVHD- 
related mortality (right) in the T cell replete graft recipients in the MSKCC 
patient cohort (see table S3), stratified into nondominated and Enterococcus- 
dominated groups (domination is defined as the relative genus abundance 20.3 
in at least one sample between day O and +21). n, number of individuals. 

(D) Overall survival (left) and cumulative incidence of GVHD-related mortality 
(right) in Enterococcus-dominated (at genus level) versus nondominated 
allo-HCT patients in the combined multicenter-validation cohort (table S3). 
Clinical outcomes in (C) and (D) were analyzed using the R packages survival 
and cmprsk. Wald values of P <0.05 signify higher risks (HR, hazard ratios) 

of mortality among patients with Enterococcus domination as compared with 
those without domination. 
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Fig. 2. Enterococcus dominates mouse gut microbiota after HCT and can 
exacerbate GVHD. (A) (Left) High-density sampling and 16S rRNA gene 
sequencing of fecal microbiota from 129S1/Sv mice (1 box = 1 mouse) 
receiving bone marrow (BM; upper row) or T cell-replete bone marrow 
[BM+T (2 x 10° T cells); lower row]. (Right) BM+T transplanted mice develop 
lethal GVHD as shown by survival analysis. rel., relative. (B) (Left) Relative 
abundance of the genus Enterococcus in BALB/c host mice transplanted 
with C57BL/6 BM or BM+T (1 x 10° T cells) at different time points relative to 
HCT. (Middle) Colony-forming units (CFUs) of enterococci in fecal samples 
and in mesenteric lymph nodes (mLN). Scatter plot data show means + SEM. 
(Right) Survival of BALB/c recipient mice after HCT [BM versus BM+T 

(1 x 10° T cells)]. (C) (Left) Schematic showing HCT of LP/J BM versus BM+T 
(4 x 10° T cells) into C57BL/6 mice after chemotherapy conditioning. 
(Middle) Relative abundance of the genus Enterococcus in the feces of 
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transplanted mice at different time points relative to HCT. (Right) Comparison 
of overall survival between BM and BM+T mice. bu/cy-cond., busulfan/ 
cyclophosphamide conditioning. (D) (Left) Schematic showing colonization of 
germ-free C5/BL/6 mice with a 6-strain minimal microbiota with (+EF) or 
without (-EF) E. faecalis OGIRF (2 x 10’ CFUs per mouse); after 14 days, 
colonized mice received chemotherapy conditioning with busulfan and 
cyclophosphamide and, subsequently, an HCT of LP/J BM versus BM+T 

(4 x 10° T cells). (Middle) Comparison of overall survival. (Right) Relative 
abundances of E. faecalis spiked to the minimal microbiota in the EF+ group 
with samples collected at the day of HCT (day 0) and 7 days later (n = 4 to 
ll mice per group; P = 0.09, paired testing of relative abundances of enterococci 
of day 0 versus BM+T day +7). Scatter plot data are presented as means + SEM 
**P < 0.01, ***P < 0.001 (independent t test for BM versus BM+T); survival 
data were statistically analyzed using Mantel-Cox log-rank test. 
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Fig. 3. Metagenomic and metabolomic analyses of Enterococcus-dominated 
fecal specimens in human HCT patients and mice. (A) (Left) Differential 
abundances of shotgun-sequenced and HUMAnN2-annotated bacterial metabolic 
pathways between paired pre- and post-HCT fecal samples from MSKCC patients 
who received allo-HCT for acute myeloid leukemia (AML) analyzed by linear 
discriminant analysis (LDA) coupled with effect size measurements (LEfSe). pre 
HCT, day —8 to -1 before allo-HCT; post HCT, day +3 to +25 after allo-HCT. (Right) 
Pie chart showing mean relative abundances of bacterial genera (analyzed by 
MetaPhlAn2) found in patient fecal samples pre- and post-HCT; data are 
aggregated across all patients. non-dom., nondominated; domin., dominated. 

(B) LEfSe analysis of bacterial metabolic pathway abundances in HCT day +7 fecal 
samples of 129S1/SV mice transplanted with C57BL/6 BM versus BM+T 

(2 x 10° T cells) (see Fig. 2A). (C) Pie charts with metabolic pathway abundances 
determined by whole-genome sequencing of F. faecalis (isolated from feces of a 
BALB/c GVHD mouse, day +7 after HCT; upper panel) and E. faecium (human 
isolate, ATCC #700221; lower panel); only pathways with an abundance =2% are 
shown in both panels. (D) (Left) In vitro growth of E. faecalis (mouse GVHD isolate; 
upper panel) and £. faecium (ATCC #700221; lower panel) in nontreated BHI broth 
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or in BHI broth pretreated with lactase. (Right) E. faecalis or E. faecium incubated 


in lactase-pretreated BH 
assess growth dynamics 
four experiments combin 


were put into regular BHI broth after 8 hours to 
in regular BHI (gray symbols). Data are results of 
ed; values represent means + SEM. (E) (Left) Fecal 


butyrate concentrations (means + SEM) from pre- and posttransplant fecal 
samples from AML patients from MSKCC, who received allo-HCT and were 
selected based on a highly diverse pre-HCT microbiota and a posttransplant 

E. faecium domination [by 16S rRNA gene sequencing; 6 (out of 8) patients are 
presented in (A)]. (Right) Correlation of butyrate concentrations with relative 
abundances of the genus Enterococcus (n = 139 patients; 8 patients from left 
panel), and 131 allo-HCT patients from a dataset published by Haak et al. (28); 
statistical analysis was performed using Kendall's tau rank correlation coefficient. 
(F) Stool samples were collected at the time of engraftment (~24 days after 
allo-HCT). Data show Kendall's tau rank correlation of relative abundances of 
the genera Clostridium and Enterococcus from the dataset of Haak et al. 

(G) Butyrate concentration (mean + SEM) in cecal contents of BALB/c mice 
transplanted with C57BL/6 BM or BM+T (1 x 10° T cells) at day +7 after HCT. 
Statistical analysis: *P < 0.05 [paired t test (E) or independent t test (F)]. 
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(Fig. 2D and fig. S4B). Serum interferon-y con- 
centrations were significantly elevated in 
FE. faecalis-colonized mice (fig. S4C), and 
we observed a significantly increased num- 
ber of donor T cells, an increase of acti- 


vated and proliferating CD4" T cells (fig. S4.D; 
CD4*CD25"; CD4*Ki67"), and an increased 
number and percentage of CD4*RORy* T helper 
17 (Ty17) cells in colon lamina propria (fig. S4D). 
Posttransplant administration of E. faecalis 


OGIRF to conventionally housed, T cell-replete 
bone marrow (BM+T)-transplanted BALB/c 
mice also aggravated GVHD (fig. S5A). These 
findings indicate that EF. faecalis can aggravate 
GVHD severity. 
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Fig. 4. Lactose-free diet reduces experimental GVHD and lactase 
genotypes associated with microbiota dynamics after allo-HCT in humans. 
(A) (Left) Schematic showing that BALB/c recipient mice received C57BL/6 BM 
or BM+T (5 x 10° T cells) and were fed control chow (ctr) versus lactose-free 
chow (LF) from day -7 to +14 relative to transplant. Comparison of survival 
between BM and BM+T mice (middle) and relative abundance of the genus 
Enterococcus in mouse feces (right) are shown. Scatter plot data presented as 
means + SEM; *P < 0.05 (independent t test). (B) (Left) Schematic showing 
HCT of LP/J BM versus BM+T (4 x 10° T cells) into C57BL/6 mice after 
chemotherapy conditioning. Comparison of survival between BM and BM+T mice 
(middle) and relative abundance of the genus Enterococcus at different time 
points relative to HCT (right) are shown. Scatter plot data presented as means + 
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SEM; *P < 0.05 (independent t test). (€) (Left) Relative abundance (logic) of 
Enterococcus (genus) by days relative to the day of antibiotic cessation (broad- 
spectrum antibiotics for neutropenic fever: intravenous piperacillin-tazobactam, 
intravenous imipenem-cilastatin, or intravenous meropenem). Box plot inserts 
display the median relative abundances of the genus Enterococcus of time binned 
in the indicated day ranges relative to antibiotic cessation; whiskers represent 
maximum and minimum. Statistical analysis of box plot data: *P < 0.05 
(Wilcoxon rank test). (D) Cumulative incidence of acute GVHD grade 2 to 4 in 
rs4988235 SNP-genotyped MSKCC patients (T cell-depleted grafts excluded; 
graft source: BM/PBSC unmodified = 213 patients; cord blood = 102 patients; 
C/C = 175, T/C+T/T = 140). The cumulative incidence of grade 2 to 4 acute 
GVHD was compared between genotype groups using the R package cmprsk. 
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We next considered whether posttransplant 
defects of mucosal defense mechanisms facil- 
itate enterococcal expansion. Immunoglobulin 
A (IgA) coating of intestinal bacteria can be 
protective in colitis and is important for 
maintaining mucosal integrity (20). How- 
ever, we did not observe members of the genus 
Enterococcus to be enriched in either IgA- 
negative or IgA-positive fecal fractions, even 
though total fecal IgA was significantly re- 
duced in allo-HCT recipients with GVHD (fig. 
S5, B to D). Reduction of IgA by transplant- 
ing IgA-deficient bone marrow (BM) from 
activation-induced cytidine deaminase knock- 
out mice did not further increase enterococcal 
expansion (fig. S5E). Intestinal antimicrobial 
peptides of the Reg3 family can suppress the 
growth of VRE (27) and are reported to play 
a major role in GVHD (22). Accordingly, we 
found that both Reg3B/G transcripts and 
interleukin-22 protein, which regulates Reg3 
expression (23), were reduced in the ileum of 
GVHD mice (fig. S5F). 

Next, we analyzed microbiota-intrinsic fac- 
tors and used shotgun metagenomic sequenc- 
ing to characterize the metabolic potential of 
the Enterococcus-dominated fecal microbiota. 
Pre- and posttransplant fecal samples from 
MSKCC patients who received allo-HCT for 
acute myeloid leukemia were selected for 
sequencing on the basis of having a highly 
diverse pre-HCT microbiota and posttrans- 
plant £. faecium domination (by 16S rRNA 
gene sequencing). We focused on microbial 
metabolic pathways that specifically charac- 
terize domination by comparing them with 
the highly diverse pretransplant microbiota 
from the same patients. Pathways involved in 
DNA synthesis and, notably, in lactose and 
galactose degradation were enriched in the 
FE. faectum-dominated, posttransplant micro- 
biota. In contrast, amino acid synthesis and 
starch-degradation pathways were more prev- 
alent in pretransplant specimens (Fig. 3A). 
The lactose-and-galactose degradation path- 
way was also significantly enriched in the 
posttransplant EF. faecalis-dominated samples 
of mice with GVHD (Fig. 3B). Comparison 
of whole-genome sequencing from isolates of 
E. faecium (from a human allo-HCT patient) 
and of E. faecalis (from a mouse with GVHD) 
revealed that genes encoding lactose and 
galactose metabolism accounted for ~3% of 
their genomes (Fig. 3C). In silico analysis of 
these Enterococcus genomes and publicly 
available genomes of other members of the 
gnotobiotic six-strain consortium revealed 
that enterococci are specifically enriched in 
enzymes of the tagatose-type galactose path- 
way for galactose-to-glucose degradation 
(24) (materials and methods and fig. S6, A 
and B). Enterococcal growth depends on 
lactose in vitro, as both E. faecalis and 
FE. faecium strains cultured in brain-heart 
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infusion (BHI) broth depleted of lactose 
(by lactase; fig. S7A) did not grow (Fig. 3D). 
Growth was reinstated upon transfer to re- 
gular BHI, excluding antibacterial effects 
of lactase treatment (Fig. 3D). Enterococcal 
expansion after allo-HCT was accompanied 
by aloss of Clostridium spp. in the microbiota 
of allo-HCT patients (Fig. 3, A and F) and of 
mice with GVHD (fig. $8, A to C, and table 
87). This may be important for allo-HCT 
patients, as high abundances of clostridia 
are associated with better survival and low- 
er incidence of GVHD (12, 25). Commen- 
sal clostridia are known to produce large 
amounts of butyrate (26), which mitigates 
lethal GVHD in mice through protecting 
energy homeostasis of enterocytes (27). We 
observed that posttransplant enterococcal 
domination and a loss of clostridia were 
accompanied by a significant reduction in 
fecal butyrate in both allo-HCT patients and 
mice with GVHD (Fig. 3, E and G) (28). A loss 
of this key metabolite may contribute to the 
poor outcomes in Enterococcus-dominated 
patients and mice. 

Given that the optimal growth of enterococci 
depends on lactose availability in vitro, we 
investigated whether enterococcal expansion 
can be mitigated by feeding mice lactose-free 
chow (fig. S7B and table S8). In the C57BL/ 
6—BALB/c model, the absence of dietary 
lactose significantly reduced posttransplant 
Enterococcus bloom and mitigated GVHD 
(Fig. 4A and fig. S9B). Flow cytometric anal- 
ysis of donor T cells on day +14 revealed a 
reduction in the percentage of activated and 
proliferating CD4* T cells (CD4*CD69*; CD4* 
Ki67*) as well as a reduction in the percent- 
age of CD4*Tbet* (Ty1) T cells (fig. S9). The 
effect of a lactose-free diet on enterococcal 
outgrowth and GVHD was replicated in the 
LP/J—+C57BL/6 mouse model (Fig. 4B and 
table S9 for changes in non-enterococcal taxa). 
Intestinal mucosal damage by irradiation or 
allo-reactive T cells may affect the expres- 
sion of lactase, the enzyme found on small- 
intestine enterocytes that facilitates lactose 
absorption through disaccharide cleavage. 
Duodenal lactase transcript abundance pro- 
gressively declined in BM+T recipients over 
the course of transplantation (fig. S9C), which 
may induce a lactose-intolerant-like state in 
mice, allowing nondigested lactose to reach 
the lower intestinal tract and serve as a car- 
bon source for bacteria. 

Next, we explored whether enterococci ex- 
pansion is associated with lactose tolerance 
in human allo-HCT patients by genotyping 
602 patients from the MSKCC cohort with 
available pretransplant germline DNA sam- 
ples for the gene polymorphism rs4988235 
(-13910*T). This single-nucleotide polymorphism 
(SNP) regulates lactase expression and pre- 
dicts lactose absorption and/or tolerance (C/T 
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or T/T alleles) and malabsorption (C/C alleles) 
in the upper gut (29). Although abundance of 
the genus Enterococcus increased comparably 
during exposure to broad-spectrum antibiotics 
in both lactose absorbers and malabsorbers, 
enterococcal domination was significantly 
prolonged in malabsorbers after cessation of 
antibiotics (Fig. 4D and fig. S10). This finding 
suggests that the maintenance of enterococ- 
cal domination and microbiota recovery after 
broad-spectrum antibiotic exposure is signif- 
icantly modulated by the luminal availability 
of lactose as a growth substrate. 

Fecal domination by Enterococcus spp. is a 
significant risk factor for the development 
of acute GVHD and for increased overall and 
GVHD-related mortality after allo-HCT. Our 
findings extend previous reports from smaller 
single-center analyses that posttransplant VRE 
bacteremia and fecal domination are associated 
with worse outcomes after allo-HCT (7, 8, 30). 
In gnotobiotic mouse models, enterococci 
exacerbate GVHD, consistent with previous 
reports of aggravated colitis in models of in- 
flammatory bowel disease (/4) or systemic 
autoimmune responses (37). We previously 
identified Blautia abundance (a genus within 
class Clostridia) as a predictor of protection 
from lethal GVHD (72), whereas here we 
describe Enterococcus domination as a risk 
factor for GVHD. These two findings are 
noteworthy in light of our recent observa- 
tion that a B. producta strain can inhibit VRE 
growth via the production of a lantibiotic pro- 
tein (32). We identified a microbiota-intrinsic 
mechanism that is dependent on lactose uti- 
lization and favors the expansion of enterococci. 
This process may be triggered through a loss 
of lactase produced by enterocytes damaged 
by conditioning or allo-reactive T cells. We 
validated this concept experimentally, by 
showing that depletion of lactose in vitro 
and in vivo inhibited enterococcal expan- 
sion and mitigated GVHD, and clinically, by 
showing that patients harboring a lactose- 
malabsorption allele experienced prolonged 
Enterococcus domination after antibiotic ex- 
posure. These observations in mice and allo- 
HCT patients provide proof-of-concept for 
a novel, non-antibiotic-based therapeutic 
strategy, such as a lactose-free diet, to attenu- 
ate the outgrowth of pathobionts like enter- 
ococci and possibly improve clinical outcomes 
by modulating dietary sources of nutrients for 
pathogenic bacteria. 
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PROTEIN FOLDING 


Watching helical membrane proteins fold reveals a 
common N-to-C-terminal folding pathway 


Hyun-Kyu Choi??3*, Duyoung Min*>*, Hyunook Kang2*, Min Ju Shon, Sang-Hyun Rah*2°, 
Hak Chan Kim?, Hawoong Jeong’, Hee-Jung Choi*+, James U. Bowie*+, Tae-Young Yoon?*+ 


To understand membrane protein biogenesis, we need to explore folding within a bilayer context. Here, 
we describe a single-molecule force microscopy technique that monitors the folding of helical membrane 
proteins in vesicle and bicelle environments. After completely unfolding the protein at high force, we 
lower the force to initiate folding while transmembrane helices are aligned in a zigzag manner within the 
bilayer, thereby imposing minimal constraints on folding. We used the approach to characterize the 
folding pathways of the Escherichia coli rhomboid protease GlpG and the human f>2-adrenergic receptor. 
Despite their evolutionary distance, both proteins fold in a strict N-to-C-terminal fashion, accruing 
structures in units of helical hairpins. These common features suggest that integral helical membrane 
proteins have evolved to maximize their fitness with cotranslational folding. 


ens of thousands of mutations associated 

with diseases are thought to affect mem- 

brane protein folding and trafficking (J). 

The biogenesis of most helix-bundle mem- 

brane proteins has been divided concep- 
tually into two stages (2, 3). First, cotranslational 
insertion of the hydrophobic protein into the 
membrane occurs through the Sec translocon 
pathway (4, 5), thereby establishing much of 
the transmembrane helical structure and ini- 
tial topology. Second, the protein completes 
folding to its final tertiary structure. The two 
stages, however, are not necessarily cleanly 
separable (6-9). Studying folding mechanisms 
of membrane proteins by single-molecule force 
spectroscopy has been challenging and limited 
mostly to observing unfolding (10-13), because 
folding intermediates are usually invisible at the 
lower forces where folding occurs on a practical 
time scale. Here, we use physicochemical con- 
ditions that strongly favor folding, thereby en- 
abling the observation of folding at forces high 
enough to achieve 1-nm resolution. 

To develop an experimental method that 
can be generally applied to the observation 
of the folding pathways of polytopic mem- 
brane proteins, we built on a single-molecule 
approach that we have developed using mag- 
netic tweezers (MT) (Fig. 1A) (14, 15). We linked 
DNA handles to the N- and C-termini of the 
protein using a SpyTag-SpyCatcher attachment 
system (J6). The handles are in turn attached 
to a magnetic bead and a polymer-coated glass 
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surface, respectively. The target membrane 
protein is embedded in bicelles that provide a 
lipid bilayer-like environment (Fig. 1A). While 
applying pN- to tens-of-pN-scale force to the 
magnetic bead, we record the vertical posi- 
tion of the bead relative to a reference bead 
stuck on the surface (referred to as the ex- 
tension value) (fig. S1). 

We applied this method to study the folding 
of Escherichia coli rhomboid protease GlpG. 
Figure 1B shows force-extension curves (FECs) 
averaged over multiple cycles of mechanical 
stretching and relaxation for single GlpG 
proteins. At high-force levels above 20 pN, 
the single GlpGs show cooperative unfolding 
of six transmembrane (TM) helices to an un- 
structured polypeptide (referred to as the un- 
folded coil or U, state) while exhibiting two 
unfolding intermediates, as we described pre- 
viously (Fig. 1B, upper inset) (74, 15). When 
relaxing the mechanical tension, we detected 
a gradual transition in the FEC from the the- 
oretical curve for U, to a more compact state 
that is dependent on the presence of bicelles 
(Fig. 1, B and C, and fig. $2). We designate the 
new state as unfolded helical (U,) because it 
fits the FEC expected for a state in which all 
a-helical structures are restored for the TM 
helices and linkers. But the protein remains 
fully stretched along the pulling direction 
(Fig. 1B). Below the U,-to-Uj, transition, the 
FEC shifts to a yet more compact state (Fig. 1B, 
bottom inset), which we call the U, state (un- 
folded zigzag state). As discussed below, the U, 
state appears to consist of bilayer-inserted, but 
weakly interacting, TM helices arranged in a 
zigzag-like fashion. Finally, at low forces, GIpG 
finds its folded, native conformation (referred 
to as the N state) (Fig. 1B). Because formation 
of the native state could only be achieved at 
low tension below 2 pN, Brownian motions of 
the magnetic bead preclude observation of 
any detailed intermediates during the refold- 
ing process under these conditions. 
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In hopes of seeing folding at higher forces 
where extension measurements can be more 
precise, we screened for more favorable fold- 
ing conditions using a simple force-jump ex- 
periment (fig. S3) (10, 17, 18). We found that 
addition of 1,2-dimyristoyl-sn-glycero-3- 
phosphorylglycerol (DMPG) is effective in 
enhancing GlpG refolding. When we add 
30 mole % (mol %) DMPG lipids in the bicelle 
phase, the refolding probability after a waiting 
time of 200 s at 5-pN tension increases by a 
factor of seven (Fig. 1D). The FECs obtained 
with and without 30 mol % DMPG lipids almost 
exactly overlap with one another, preserving 
the coil-to-helix transition as well as the for- 
mation of the U, state (figs. S2 and S4). These 
observations suggest that the addition of neg- 
atively charged lipids does not fundamentally 
alter the folding pathway but selectively en- 
hances refolding commencing from the U; state. 

With the ability to observe folding at higher 
forces, we tested the potential for achieving 
high resolution by examining the Brownian 
motion of magnetic beads in the bicelle phase. 
With high-speed tracking at 1.2 kHz and the 
force above 5 pN, we obtained an Allan devia- 
tion (i.e., uncertainty in our tracking) of less than 
1nm when median filtered at 5 Hz (200 ms), 
corresponding to a resolution of a few amino 
acids (Fig. 1E). Also, we observed folding with a 
reasonable probability up to 8-pN tension, the 
force at which the U, state starts to form (Fig. 1D). 

On the basis of these observations, we de- 
veloped a force-application protocol to mon- 
itor the folding process of single GlpG proteins 
(Fig. 2). We first induced full unraveling of 
GlpG to the U, state by applying a high me- 
chanical tension above 20 pN and then made 
a force jump to a low-force level between 5 and 
8 pN (Fig. 2A). The force jump takes a finite 
time of ~300 ms, during which single GlpGs 
relax to the U, state (Fig. 2B, right). We ex- 
perimentally confirmed that the force jump 
indeed reaches the same extension state as that 
reached through slow gradual force relaxation 
at -1 pN s”’ (Fig. 2B, left). When maintained at 
the low-force level, the magnetic bead begins 
to show complex up-and-down movements, 
finally culminating in a compact N state 
(Fig. 2A, 5-pN phases). Achievement of the 
N state is verified by observing the extension 
expected for the N state after jumping the ten- 
sion back to ~20 pN. By repeating our designed 
mechanical cycle, we can observe the folding of 
single GlpG molecules multiple times. 

With the reduced Brownian motion of the 
magnetic bead in the 5- to 8-pN force window, 
we can see distinct conformational changes 
during refolding when the extension traces 
are median filtered down to 5 Hz (Fig. 2C, 
black traces). Application of hidden Markov 
modeling (HMM) and Bayesian information 
criteria (BIC) to the time-resolved extension 
traces indicates that the data are best fit by a 
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Fig. 1. Physicochemical search for refolding conditions of polytopic helical 
membrane proteins. (A) Schematic of single-molecule MT folding experiment 
for a single GlpG protein reconstituted in a bicelle. N, north; S, south; Dig-anti-dig, 
digoxigenin—anti-digoxigenin; CHAPSO, 3-([3-cholamidopropyl]dimethylammonio)- 
2-hydroxy-1-propanesulfonate; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; 
H1 to H6, TM helices 1 to 6; bp, base pairs; PEG, polyethylene glycol. 

(B) FEC of single GlpG proteins averaged over 28 cycles of mechanical 
stretching and relaxation (black heat map). To show individual unfolding events, 
representative raw traces are overlaid above 20 pN tension (blue traces). The 
yellow trace shows the mean extension value in the relaxation phase. Fi, start and 
Friend indicate the force levels at which the coil-to-helix transition starts and 
ends. Theoretical FECs for the N, Uc, and U;, states are shown as red, light blue, 
and pink dashed lines, respectively. The upper inset shows a close-up view of the 
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unfolding events. The lower inset shows a close-up view of the FEC between 
4- and 8-pN force. PG, DMPG. (C) Average Fr start ANd Fheng Values determined 
under different refolding conditions. n = 34, 42, and 58 FECs for the 0, 10, and 
30 mol % DMPG cases. n = 16 for the no bicelle case. n = 6 and 10 for the 
A206G and L155A single-point GlpG mutant cases. All error bars represent mean 
+ SD. (D) Refolding probability determined using a simple force-jump experiment 
(see fig. S3) at different applied force levels (n = 125, 147, and 111 force-jump 
experiments for the 0, 10, and 30 mol % PG cases, respectively). The inset 
shows the refolding probability normalized to the 0 mol % PG case. (E) Allan 
deviation of the magnetic-bead fluctuation at different force levels. The inset is a 
representative trace showing the Brownian fluctuation of a magnetic bead at 
different force levels (black trace, raw data at 1.2-kHz sampling; yellow trace, a 
median-filtered data with a 5-Hz window). 
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total of four states: two intermediate states 
(referred to as I, and I) in addition to the U, 
and N states (Fig. 2, C to E, and fig. S5) (19). 

The magnetic beads show many upward (i.e., 
local unfolding) and downward movements 
(i.e., local folding) before reaching the native 
N state extension. Thus, the resultant time- 
resolved traces report reversible intermediate 
folding-unfolding events—equilibrium pro- 
cesses from which we can directly reconstruct 


5pN22pN 5pN 


Extension (nm) 


6 pN, L155A 


Fig. 2. Direct observation of single GlpG folding. (A) Designed mechanical cycle 
for inducing refolding of single GlpG proteins. The gray and black traces are 1.2-kHz 
raw data and 5-Hz median-filtered data, respectively. (B) Representative time- 

resolved traces comparing the extensions following slow force relaxation and force 
jump. The lower inset shows the extension difference (AZy,) at the indicated force 
levels. The right inset shows a close-up view of the trace of the force jump that takes 
~300 ms. (C) Representative folding traces for wild-type (WT), A206G, and L155A 
GlpG under 6-pN tension. The insets to the right show close-up views of the traces 
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the folding energy landscape. The local fold- 
ing and unfolding processes pass through the 
same I, and I, intermediate states, justifying 
a one-dimensional representation of the en- 
ergy landscape (20, 27). Our HMM analysis 
indicates that although rates connecting non- 
neighboring states are negligible, the tran- 
sitions connecting the neighboring states 
are well described by single rates falling in 
a narrow region between 0.1 to 10 s_? (Fig. 


5pN 22pN 
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2F and fig. S6). An exception is the N-to-I, 
transition that shows two different rates. One 
N-to-I, transition is relatively fast, with an av- 
erage dwell time in N of only ~5 s, indicating 
incomplete refolding (Fig. 2F, red symbols, and 
fig. S6). The other subset of the N states has 
higher stability, requiring higher forces (~8 pN) 
to show unfolding within our observation time, 
and presumably corresponds to a correctly folded 


state (Fig. 2F, inset, and fig. S7). 
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exhibiting reversible transitions among the U,, |), and |p states. (D) BIC values for the 
indicated number of states. n = 20, 21, and 11 low-force folding-unfolding traces for 
the WT, A206G, and LI55A cases, respectively. (E) Positions of the intermediate 
states in the normalized extension space [at 6 pN, n is same as in (D); at 5 pN, 
n= 21, 24, and 14 low-force folding-unfolding traces for WT, A206G, and L155A, 
respectively]. Error bars represent SEM. (F) Transition kinetics between the 
neighboring states at the indicated force levels. In the N-to-l2 transition, both slow 
(inset, black) and fast (red) rates are displayed. Error bars represent SEM. 
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We next examined whether we could extend 
our MT folding experiment to true bilayers 
by reconstituting GlpG in vesicles produced 
through slow detergent removal (Fig. 3A and 
fig. S8). For the vesicle-reconstituted GlpGs, we 
observed cooperative unraveling of six TM heli- 
ces to the U, state, similar to what is observed 
for the bicelle-reconstituted GlpGs (Fig. 3B, first 
stretching cycle). We also observed the expected 
coil-to-helix transition during the relaxation 
phase (Fig. 3C) as well as complete refolding, 
albeit with low probability (Fig. 3B, sixth stretch- 
ing cycle). Because there are no free vesicles, 
these observations suggest that single GlpGs 
remain bound to the vesicle membranes after 
their unraveling to unstructured polypeptides. 
Nevertheless, many of the vesicle-reconstituted 
GlpGs fail to refold (e.g., Fig. 3B, second and 
fifth stretching cycles). The refolding probabil- 
ity at 1 pN is only ~15% with a 200-s wait time, 
in contrast with a refolding probability ap- 
proaching 100% seen for the bicelle-reconstituted 
GlpGs. We also found that the FECs of vesicle- 
reconstituted GlpGs persistently follow the 
U; curve and fail to form the loosely stretched 
U, state (Fig. 3C, lower inset). 

We hypothesized that polypeptide insertion 
into bilayers may be more difficult in vesicles 
compared with bicelles, which would explain 
the barrier to folding and the block to for- 
mation of the U, state if the U, state was 
indeed membrane inserted. To explore this 
possibility, we tested whether decreasing ves- 
icle size would enhance folding, because in- 
creased bilayer curvature may allow more 
facile insertion of the TM helices into the mem- 
brane (22). Indeed, when we decreased the 
diameter of reconstitution vesicles to 100 nm 
by extrusion, the refolding probability at 1 pN 
increased to ~60% (Fig. 3D and fig. S8). 

We next attempted to avoid membrane ex- 
traction and directly access the U, state by 
applying a moderate force of 8 pN, a tension 
at which the U, state was seen to form in 
FEC (referred to as the direct-U, protocol). 
We tested the feasibility of this protocol first 
with the bicelle-reconstituted GlpGs and found 
that application of 8 pN indeed directly in- 
duces the U, state (Fig. 3E, left). Subsequent 
lowering of the force leads to complete re- 
folding in bicelles (fig. S9). When we applied 
8 pN to the vesicle-reconstituted GlpGs, the 
resultant unfolding step was almost identical 
to that expected for the U, state (Fig. 3E, 
right and inset). When we subsequently in- 
duced refolding by lowering the force to 1 pN, 
the refolding probability in vesicles increased 
relative to refolding from the U, state (~50 ver- 
sus ~15%) (Fig. 3, D and E), consistent with the 
possibility that this 8-pN unfolding selectively 
disrupts the tertiary structure while decreasing 
exposure of the TM helices to the outside of 
the lipid bilayer, thereby reducing the need to 
reinsert TM helices during refolding. 
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Our analysis of the end-to-end distance of 
the U, state further suggests that the pene- 
tration depths of TM helices in the U,, state 
might not be enough to completely reach the 
other side of the lipid bilayer (Fig. 3F, right, and 
fig. S10). If so, tertiary structure formation 
would be intimately coupled with the mem- 
brane insertion (Fig. 3F, right; compare I, and 
N at 6 pN). To determine whether membrane 
insertion or tertiary structure formation dom- 
inates the energy barriers, we examined the 
local folding-unfolding kinetics of the two single- 
point GlpG mutants in the bicelle phase (23). The 
N-terminal [L155A (Leu””’—Ala) on TM helix 2] 
and C-terminal [A206G (Ala”°°—Gly) on TM 
helix 4] mutants selectively slow down the I,-to- 
I, and the I,-to-N transitions, respectively (Fig. 
3F, left, and fig. S11). These observations suggest 
that the tertiary structure formation makes a ma- 
jor contribution to the observed energy barriers. 
Moreover, these mutant data are consistent with 
GlpG folding occurring in a unidirectional man- 
ner from the N to C terminus. 

To map the partially folded structures in I, 
and I,, we made force jumps to ~20 pN while 
the protein sampled either I, or I, in the 
course of refolding (Fig. 3G). Surprisingly, 
the extensions after the force jump exactly 
coincide with the two intermediates of the 
high-force unfolding (Figs. 3G and 1B, upper 
inset), which indicates that the low-force 
folding-unfolding and the high-force unfold- 
ing intermediates share the same partially 
folded structures, albeit with different levels 
of stretching in the unfolded regions (Fig. 3F, 
right; compare I, at 6 pN with I, at 22 pN). We 
therefore used the extension difference be- 
tween I, and N at 22 pN to estimate that I, 
is positioned at the C terminus of TM helix 4 
(Fig. 3H, inset). Likewise, we used the exten- 
sion difference between U, and I, at 22 pN to 
estimate that I, is positioned after TM helix 2. 
Combined with the mutant data above, we 
conclude that GlpG folds in an N-to-C-terminal 
direction, largely in units of helical hairpins. 

On the basis of the structural assignments 
made above, we examined one more GlpG 
mutant in which two hydrophobic residues in 
the long linker region between TM helices 1 and 
2 are mutated to negatively charged residues 
[L121E/FI33E (Leu'—Glu/Phe**—Glu)] (Fig. 
3H, inset, and fig. S12B). Although such 
mutations reportedly increase the energy 
barrier for membrane insertion and flip-flop 
(24, 25), we did not detect any sign of slowing 
down in the transition between U, and J, (fig. 
$12). This data supports again our conclusion 
that the TM helices have made their initial 
membrane integration as the U, state forms. 
In particular, because of the many polar and 
charged residues in the long linker, we sus- 
pect that TM helices 1 and 2 of GlpG are 
inserted more deeply than other TM helices 
in the zigzag-aligned U, state. 
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Finally, we constructed one-dimensional 
energy landscapes for the reversible folding- 
unfolding process of single GlpG proteins 
using the Bell (26) and the Dudko-Hummer- 
Szabo models (27). Both models indicate 
a free-energy difference (AGo) of 15.2 kpT 
(where kz is the Boltzmann constant and 
T is temperature) between the native N state 
and the zigzag U, state, albeit with slightly 
different intermediate positions (Fig. 3H). As 
expected, this AGp value is slightly larger than 
the estimates from previous ensemble mea- 
surements under less favorable folding condi- 
tions (7.1 to 13.9 kgT) (23, 28, 29). When we 
apply the Crooks fluctuation theorem to the 
FECs as shown in Fig. 1B, we obtain an es- 
timate of ~115 k,T for a free-energy difference 
between the N and the U, states (fig. S13 and 
table S1), almost eightfold larger than 15.2 kpT 
estimated between the N and U, states. We 
attribute this larger free-energy difference to 
additional processes imposed on the high- 
force unfolding, such as pulling TM helices 
out of the membrane and disruption of sec- 
ondary structures. These observations attest 
to the fundamental difference between the en- 
ergy barriers seen during high-force unfolding 
and the low-force folding-unfolding processes. 
At lower forces, we can explore rearrangements 
of intact TM helices that occur largely within 
the lipid bilayer, more closely reflecting the 
process expected for second-stage folding (2). 

Using the experimental methods estab- 
lished with GlpG, we next sought to observe 
the folding process of a single human f,- 
adrenergic receptor (8,AR), which belongs 
to the G protein-coupled receptor family 
(Fig. 4A). We first examined the FEC and 
again observed a large mechanical hyster- 
esis in the unfolding and refolding of B.AR 
(Fig. 4B). Because B.AR has an odd number 
of TM helices, the DNA handles are pulling 
on opposite sides of the bilayer, and we note 
the possibility that after the cooperative un- 
raveling, some part of 8.AR may reside within 
the lipid bilayer (most likely the first TM helix; 
see fig. S14). During the relaxation phase, we 
observed the coil-to-helix transition in nearly 
the same force range as that observed for 
GlpG. Moreover, below 8 pN, the FEC of B,AR 
became shorter than the Uj, extension, con- 
sistent with the formation of a zigzag-aligned 
U, state (Fig. 4B and fig. S15). 

To observe the folding process of human 
BAR, we used the original folding protocol 
starting from the U, state (Fig. 4C). We first 
induced mechanical unraveling of a single 
BoAR U, state by applying 25-pN tension 
and then induced the U, state through force 
quenching to 5 pN. We reconfirmed that the 
force quenching within 300 ms yielded the 
same U, state as that obtained through slow 
force relaxation (fig. S16). With the mechanical 
tension kept at 5 pN, the magnetic bead 
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showed complex up-and-down movements, 
ending in a compact N state (confirmed to be 
the native state through reapplication of high 
force) (Fig. 4C). 

By applying the HMM and BIC analyses 
to the time-resolved extension traces of the 
magnetic beads, we identified six major states 
(thus four intermediates) in the folding pro- 
cess of human B,AR (Fig. 4, D and E). Both 
local folding and unfolding processes share 
these four intermediate states (referred to 
as Im, Ip, Ip3, and Ip4), indicative of the one- 


Fig. 3. Characterization of folding properties for 
vesicle- and bicelle-reconstituted single GlpGs. 
(A) Schematic of single-molecule MT folding 
experiments for GlpGs reconstituted in vesicle 
membranes. (B) Representative FECs showing 
successive stretching cycles applied to a single GlpG 
protein in a vesicle membrane. (C) FEC of vesicle- 
reconstituted single GlpG proteins averaged over 
five cycles of mechanical stretching and relaxation 
(black heat map). To show individual unfolding 
events, representative raw traces during stretching 
are overlaid (blue traces). Other definitions are the 
same as in Fig. 1B. The upper inset shows the 
average Fi, start ANd Freng Values. The lower 

inset shows a close-up view of the FEC between 

2- and 5-pN force. (D) Refolding probability 
determined under different membrane conditions. 
nis the number of trials; At is the waiting time at 1- 
pN force. (E) Representative traces of the folding 
protocol that directly induces the U, state. The inset 
shows the extension changes (AZunfoiding) during 
unfolding at 8 pN under indicated membrane 
conditions. The pink dashed line is the expected 
extension change when reaching the Uy state. 

(F) Normalized transition rates determined for the 
A206G and L155A single-point mutants relative to 
the WT case (dashed line). The illustrations to the 
right show an anticipated conformational status of 
GlpG in each indicated state. Error bars represent 
SEM. (G) Representative force-jump experiments 
applied for the intermediate states. Each inset shows 
the distribution of extension values recorded during 
high-force unfolding. Estimated extensions for 
individual states are shown as the dashed lines. 

(H) Folding energy landscapes of a single GlpG 
protein along the molecular extension reconstructed 
on the basis of the Bell-Zhrukov (black trace) 

and the Dudko-Hummer-Szabo models (green trace). 
The inset shows detailed structural segments 

in the folding pathways of GlpG. Each structural 
segment is indicated by a different color. 
Black-colored amino acids correspond to the 
boundaries of the intermediate states. Faint colors 
around the boundaries represent the measurement 
errors (SD). Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; 

K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; 

R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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dimensionality of the folding energy land- 
scape. The transition rates connecting the 
neighboring states fall between 107’ and 10s“, 
whereas all other rates are negligibly small 
(Fig. 4F and fig. S17). As was the case for GlpG, 
we observed two groups of the N states: one 
with a lower stability (Fig. 4F, red symbol) and 
the other reflecting a correctly folded structure 
(Fig. 4F, inset). 

To measure the number of amino acids 
unfolded in the structures of the four in- 
termediates, we applied the force-jump tech- 
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clearly revealed a total of nine peaks (Fig. 4, H 


and I). 


To map the unfolded structures on the 
high-force unfolding intermediates, we took 
advantage of the fact that in the native struc- 
ture of human £.AR, there is one conserved 
disulfide bond formed between Cys! (C106) 


Fig. 4. Direct observation of the 
complete folding pathway of human 
B2AR. (A) Schematic diagram of the 
single-molecule MT folding experiment 
for BAR. (B) FEC of single B2AR 
proteins averaged over six cycles 

of mechanical stretching and relaxation 
(black heat map). To show individual 
unfolding events, representative 

raw traces during stretching are 
overlaid (blue traces). Other definitions 
are the same as in Fig. 1B. The inset 
shows a close-up view of the FEC 
between 4- and 6-pN force. 

(C) Designed mechanical cycle for 
inducing refolding of human B2AR at 
low-force levels. (D) Representative 
time-resolved traces for B2AR 

folding under 5-pN tension (with 2 mM 
TCEP). Right insets show close-up 
views of trajectories. Red traces show 
the transitions between four inter- 
mediates identified by the HMM. (E) BIC 
values for the indicated numbers of 
states (n = 18 low-force folding-unfolding 
traces). (F) Transition kinetics between 
the neighboring states at 5 pN. For the 
N-to-l transition, both slow (inset, 
black) and fast (red) rates are displayed. 
Error bars represent SEM. (G and H) 
Representative traces for the force-jump 
experiments applied to individual folding 
intermediates (G) and the native state 
(H). Each inset shows an extension 
distribution during high-force unfolding. 
(I and J) Extension distribution during 
high-force unfolding initiated from the 
native N state (n = 29 and 13 low-force 
folding-unfolding traces for the cases with 
2 mM TCEP and without TCEP, respec- 
tively). The peaks indicate the fit centers 
of multiple Gaussian functions (colored 
for each function). The upper insets show 
structural diagrams of B2AR to guide 
mapping onto the structure. (K) Repre- 
sentative B2AR folding trace at 5 pN with 
no TCEP (n = 10 low-force folding- 
unfolding traces). HMM analysis finds 
three intermediate states (Iq, Ij, and 


Ij’). (L) Normalized extensions for B2AR folding intermediates in the absence of 


and Cys’! (C191), 


and 4 and the extracellular linker 2 (ECL2) 
into one structural unit (Fig. 4, I and J, upper 
insets). We reasoned that with removal of the 
reducing agent tris(2-carboxyethyl)phosphine 
(TCEP), the high-force unfolding intermedi- 
ates related to the region linked by the 
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absence of TCEP, the extension-change span- 
ning the first five peaks is distinctly larger 
than that spanning the last two peaks by a 
factor of 1.98. This value closely matches the 
2.02 ratio of the number of amino acids placed 
C-terminal to the disulfide bond [144 amino 
acid residues (aa)] to that placed N-terminal to 
the disulfide bond (71 aa) (Fig. 41). Thus, our 
observations point to a hypothesis that the 
first five peaks correspond to unfolding from 
the C terminus to TM helix 5. In the absence of 
TCEP, unfolding from ECL2 to TM helix 3 is 
prevented by the disulfide bond, so that the 
last two peaks correspond to unfolding of the 
two N-terminal helices and ECL1. By aligning 
the unfolding traces in Fig. 4, G and H, with one 
another, we find that folding intermediates Ip, Ip, 
Ig, and Ig, correspond to the high-force unfolding 
intermediate peaks 9, 8, 5, and 2, respectively 
(Fig. 41 and fig. $18). Together, our data suggest 
that the human B,AR shows unidirectional 
folding from the N to the C terminus. 

To test the validity of our structural assign- 
ment, we monitored the folding process at 
5 pN in the absence of TCEP. The HMM and 
BIC analyses indicate a reduction in the num- 
ber of folding intermediates to three (Fig. 4K 
and fig. S19). The positions of these three fold- 
ing intermediates (Ip’, Ifo’, and Is") matched 
well with those expected when I, and Iy3 are 
merged (Fig. 4L), reaffirming that the tran- 
sition from I¢. to I¢3 corresponds to folding of 
TM helices 3 and 4 and ECL2. 

We also examined the effect of carazolol, a 
partial inverse agonist of human B.ARs, on the 
5-pN folding process. Although the presence of 
2.5 uM carazolol did not change the positions 
of the four intermediates in the extension 
space, it markedly inhibited any transition 
beyond I;3 (Fig. 4M and fig. S19). This in- 
hibition was highly selective because the 
transition U, to I, remained minimally af- 
fected (Fig. 4N), suggesting that single human 
B.ARs fold normally up to ECL2 but fail to fold 
TM helices 5 and 6 onto the growing structure 
in the presence of carazolol. When we exam- 
ined unfolding by force ramping, carazolol 
increased the forces at which unfolding oc- 
curred by 4.5 pN on average (Fig. 40, inset), 
indicating that additional work of more than 
50 kgT is required to induce the unraveling 
of single B.ARs in the presence of carazolol 
(Fig. 40, shaded area). Thus, our observations 
suggest distinct effects of carazolol on human 
B.AR folding and unfolding. Carazolol inhib- 
its the addition of TM helices 5 and 6 during 
folding, perhaps being loosely located in the 
incomplete ligand binding pocket formed by 
TM helices 1 to 4 and sterically interfering 
with incoming TM helices 5 and 6. In the 
presence of excess carazolol, it is also possible 
that carazolol is already bound to TM helices 
5 and 6, because carazolol makes an extended 
aromatic network with the residues on these 
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helices. However, once folded, carazolol bind- 
ing dramatically stabilizes the tertiary struc- 
ture, as expected (30, 31). 

The identified folding pathway of the human 
BoAR reveals several interesting features (Fig. 
4P). The first intermediate Ip, corresponds to 
an association between the first TM helix and 
the following linker helix, completing inser- 
tion of this nascent structure with respect to 
the residing membrane structure. The second 
TM helix folds onto this structure to form the 
first helical hairpin, completing intermediate 
If. The next folding step involves the addi- 
tion of TM helices 3 and 4 as well as ECL2 
(forming I;3). We note that the positions of Ip. 
and I;3 closely map to the cysteine residues of 
C106 and C191, thereby potentially consolidat- 
ing the formed tertiary structure by means of 
disulfide bonding. The transition from I¢3 to Igy 
involves formation of the helical hairpin con- 
sisting of the TM helices 5 and 6. This folding 
step is found to be markedly inhibited in the 
presence of carazolol. The last step from I, to 
N involves addition of the TM helix 7 and the 
C-terminal membrane-associated helix onto 
the structure, completing the known structure 
of human £,AR (30, 37). Although our exper- 
imental data consistently support the folding 
pathway delineated above, we cannot rule 
out the possibility that an alternative folding 
pathway exists in the physiological milieu. 
We also note that the folding pathway pre- 
sented here is a coarse-grained one down toa 
5-Hz sampling rate. Enhancing the bandwidth 
of our methods would reveal a more complex 
and dynamic nature of the polytopic membrane 
protein folding (72). Finally, we note the possi- 
bility that the strategy of using disulfide bonds 
to map the four folding intermediates of B,AR 
can be extended to other membrane proteins. 

Although F. coli GlpG and human £,AR are 
at an enormous evolutionary distance, both 
integral membrane proteins accrue structure 
largely in units of helical hairpins, with a uni- 
directional N-to-C-terminal folding as a single, 
predominant pathway out of a countless num- 
ber of permutations in the possible folding 
pathways. Unidirectional N-to-C-terminal fold- 
ing is consistent with several prior studies 
(28, 32-36) and would permit the nascent 
N-terminal chain to commence folding with- 
out needing to wait for the more C-terminal 
TM helices to be translated, thereby reducing 
the risk of generating misfolded structures. 
Thus, the folding processes of integral mem- 
brane proteins may be evolutionarily selected 
and tailored to fit with cotranslational folding. 
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AAAS. 


By investing in AAAS you join Thomas Edison and 


the many distinguished individuals whose vision led 


to the creation of AAAS and our world-renowned 


journal, Science, more than 150 years ago. 


Like Edison, you can create a legacy that will last well 
into the future through planned giving to AAAS. By 
making AAAS a beneficiary of your will, trust, 
retirement plan, or life insurance policy, you make a 
strong investment in our ability to advance science 


in the service of society for years to come. 


To discuss your legacy planning, contact 
Juli Staiano, Chief Philanthropy Officer, at 
(202) 326-6636, or jstaiano@aaas.org, or visit 
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Chengdu Tianfu Life Science Park: 
Building a world-class life sciences hub 


city, is one of the fastest growing and most promising cities in 

China. It is also a crucial high-tech industrial base as well as a trade 
and logistics center, enjoying its reputation as the heart of “The Land of 
Abundance," known in Chinese as "Tianfu"—a name long held by the 
Chengdu Plain. 

As clearly defined, the Chengdu High-Tech Industrial Development Zone 
(CDHT) is the core area of bioindustry in Sichuan and Chengdu. It pools 
the traditional national Chinese medicine modern technology industry 
base together with Chengdu’s national biological industrial base, national 
medicine export base, national high-tech industrialization base for biomedical 
materials and medical devices, and national demonstration base for transfer 
and transformation of key new drug development achievements. 

CDHT furthers the buildup of an innovative ecological environment with 
the concept of the industrial ecological circle (involving circular resource 
loops), thus facilitating talent cultivation and innovation, and accelerating 
development and new competitive advantages. In addition, with the goal 
of developing biomedicine, biomedical engineering, biological services, and 
the new health economy, CDHT is focusing on six major areas: biotechnology 
drugs, new chemical medicine preparations, high-performance medical 
devices, modern traditional Chinese medicine, smart health and precision 
medicine, and professional outsourcing services. In recent years, CDHT has 
witnessed the rapid growth of over 20 % of the biomedical industry. Chengdu 
High-Tech Zone ranks sixth in the comprehensive competitiveness of national 
biomedical industrial parks. 


C hengdu, the capital of China’s Sichuan Province and a national central 


Better together: Creating collaborations 

As a specialized biomedical industrial park, the Tianfu Life Science Park 
(TLSP) was officially launched in 2010 with a total construction area of 
220,000 m2. It serves as one of China's most vital biomedical R&D innovation 
and industrial incubation centers, and is ideally located in CDHT, the gateway 
for the life science and technology industry in western China, an important 
base for international medicine and medical institutions to cooperate with 


R&D institutions there, and a platform for domestic industry—university- 
research cooperation. 

TLSP mainly provides innovative and entrepreneurial incubation services 
for overseas returnees engaged in biomedical R&D, leading figures in the 
biomedical industry, outstanding researchers in universities and research 
institutes, excellent small and medium-sized biomedical technology 
companies at home and abroad, contract research organizations (CROs), and 
others who can contribute to the rapid growth of cutting-edge enterprises. 

TLSP attaches great importance to collaborative innovation between 
industry, university, and research institutes, with a total of 27 participating 
institutions, laboratories, and professional platforms; 134 results in patents, 
publications, and clinical drug trials obtained through industry-university- 
research cooperation; and nine awards (titles) in industry-university-research 
cooperation. TLSP has proposed several development plans that involve 
increased physical space, talent introduction, project introduction, enterprise 
gathering, capital accumulation, and collaboration between business, 
academia, and research institutions. Through TLSP's “park + hospital,” “park 
+ research institutions,’ and other collaborative modes, it has made great 
progress in introducing innovative talent, driving transformative results, 
and optimizing resource allocation. TLSP also aims to propel the evolution of 
the biomedical industry from the traditional industry-university-research 
cooperation model to the more dynamic, integrated model of government- 
industry-university-research-application, thus building the biomedical 
industry ecosystem and accelerating the healthy, rapid growth of business 
in a multilevel, multichannel way. As an entrepreneurial hub for global 
bioenterprises, TLSP has gradually grown into a national first-class science 
and technology park integrating R&D and innovation of medicine and related 
disciplines, industrial value-added services, and business-supporting facilities. 
It also represents the comprehensive integration of medical technology, 
capital, management, talent, and policy. 

The Phase Il project of TLSP, the Biomedical Innovation Incubation Park, 
has a total construction area of approximately 290,000 m’. It is positioned in 
Xinchuan Innovation Science Park (jointly built by Singapore and Sichuan) as 
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a new core area and strategic source for the innovation and development of 
cutting-edge medicine in Chengdu, and will endeavor to become a world- 
class landmark park for the new health economy, concentrating on the new 
business model incorporating cross-border integration of smart health, 
precision medicine, and cosmetic medicine. It was begun in late 2018 when 
some institutions cooperated with Sichuan University to build a cutting-edge 
medical center like the Chengdu Advanced Medical Sciences Center in the city. 


Technology-driven: Focusing on innovation 

Moreover, the Chengdu Advanced Medical Sciences Center (AMSC) keeps 
its focus on the latest basic medical research and clinical innovation driven 
by burgeoning technologies such as big data, artificial intelligence (Al), the 
Internet of Things, genomics, and more. With translational medicine as its 
innovation target and market application as its value orientation, the center 
has built a “community of shared interests, innovation, and development" to 
form a new model of business partners for school-site cooperation, in order 
to realize the integration and enhancement of innovation capabilities and the 
in situ metamorphosis of scientific and technological achievements. 

So far, Chengdu Advanced Medical Sciences Center has initially introduced 
eight high-level R&D platform projects, including the Frontier Science 
Center for Disease-Related Molecular Network, the Medical Big Data Center, 
the Frontier Innovation Translational Platform for Dental Medicine Plus, 
the Leading Research Center for Stress Medicine, and the West China Rare 
Disease Research Institute. These platforms will drive the development of 
AMSC and help TLSP and phase Il industry. It is home to 10 new drug R&D 
projects initiated by professors from Sichuan University, such as Biotech 
Solution and Discovery Co., Ltd., and 10 interactive cooperation projects, 
such as the collaboration between PerkinElmer and Farsoon Turing Additive 
Manufacturing Technology Co., Ltd. It has also introduced two top scientists 
at the academician level, 20 scientists recognized by the National Science 
Fund for Distinguished Young Scholars Program and the Changjiang Scholars 
Program, and over 100 professors and researchers. Thanks to the professional 
carrier space provided by the Chinese government and the high-level research 
centers and innovation teams introduced from Sichuan University, TLSP has 
successfully implemented the sequence of “innovation and R&D, incubation 
of results, and implementation of industrialization.” 

AMSC, as the innovation center of university and local goverment 
cooperation, integrates global high-quality resources through cooperation 
of government, industry, university, research, and application; realizes the 
transformation of technological achievements; and finally, radiates Chengdu 
and even Sichuan, which will help it become globally competitive in the 
future. 


Who we are 

Welcome to TLSP. Centering on the needs of businesses, our service 
team commits itself to establishing a public technology service platform for 
innovative drug R&D, building the Information Center of Tianfu Life Science 
Park, attracting talent, organizing various industrial exchange meetings and 
medical lectures, and assisting enterprises to apply for awards. Through these 
comprehensive activities, it is wedded to facilitating the development of 
business and biomedical industry. 
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Company profiles 


| Geneus Technologies, Ltd., founded in 
‘om « 2017, is a private company focusing on developing 
‘ nanopore-based gene (DNA/RNA) sequencing 
devices and solutions. The key technologies include disruptive 
single-molecule sequencing chemistry, highly accurate and 
supersensitive current detecting circuits, large-scale integration 
of microelectromechanical systems-integrated circuits (MEMS-IC) 
chips, supercapacitor electrode, deep learning, etc. 


MaxHealth Biotech, LLC, focuses on 

development and commercialization of safe and 

effective vaccines to serve global public health. By 
employing its cutting-edge technologies of antigen engineering 
and novel adjuvant formulations, MaxHealth has built a rich 
pipeline of prophylactic and therapeutic vaccines against major 
infectious diseases, allergies, and cancers; two lead candidates are 
expected to enter clinical development in 2020. 


<2 — Chengdu FANXI Biopharma Co., Ltd., 
© is a newly founded biomed company engaged in 
£**25* — daveloping first-in-class or best-in-class innovative 
medicines, with an emphasis on the areas of oncology, viruses, and 
liver disease. 


es 
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REET 
Co., Ltd., is an 
innovative biotechnology company specializing in manufacturing 
therapeutically valuable immune cells, and dedicated to developing 


cutting-edge cell-based therapies to combat medical conditions 
such as cancer and liver cirrhosis. 


ee Xiling Lab Co., Ltd., a chengdu-based 
biopharmaceutical company, was founded by 

Drs. Jinkun Huang and Dejian Xie in August 

2016. The company has built a unique technology platform by 

utilizing modern homogeneous, heterogeneous, and biocatalysis 

technologies for the production of pharmaceutical intermediates, 

drug substances, and related specialty chemicals. 


_  XILINGLAB 
~ 


-|-|-,  Farsoon Turing Additive 
Manufacturing Technology Co., Ltd., 
is a high-tech enterprise focusing on overall 
solutions for medical 3D printing. The company was founded in 
2018, and is located in the Advanced Medical Sciences Center of 
the Biomedical Innovation Incubation Park in the Chengdu 
High-Tech Zone. 
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Western Blot Processor 
Scientists seeking reproducible 
Western blot assays can do so 
reliably using BlotCycler Mini, a 
hands-free Western blot process- 
ing system. By automating the 
blocking, primary and secondary 
antibody binding, and washing 
steps, the system consistently 
delivers a strong signal with low 
background. Users simply add reagents and antibody to the tanks 
and place their blots in the trays. BlotCycler Mini is equipped with 
two trays and can process from one to eight blots with two differ- 
ent primary and secondary antibodies simultaneously. Blocking 
time (from 10 min to 120 h), washing steps, addition of antibodies, 
and incubation time are programmable using the system's touch- 
screen. BlotCycler Mini works with new and established protocols, 
uses Standard reagents, requires about 17.25 in x 10.25 in of 
bench space, and works with standard electrical power. 

Precision Biosystems 

For info: 888-490-4443 

www.blotcycler.com 
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Heater/Shaker 

The Teleshake 95 heater/shaker module is now available for use with 
the BRAND Liquid Handling Station pipetting robots. The heater/ 
shaker module can be heated up to 90°C depending on the labware 
material. It can also be used to shake samples with rotation speeds 
from 100 rpm to 1,900 rpm. The heater and shaker is compatible 
with microplates; PCR plates, strips, and tubes; and some low-profile 
reservoirs and polypropylene plates. Adapter plates are available for 
different consumables. 

BrandTech Scientific 

For info: 888-522-2726 
www.brandtech.com/product/new-teleshake-95 


Cell Labeling Kits 

Spend more time on your science and less time making cell lines 
with System Biosciences’ (SBI’s) Lenti-Labeler Lentivector Constructs. 
These constructs are available with a range of reporters (GFP, RFP, 
BFP, luciferase), selection markers (puro, blast), and promoters 
(CMV, EF1a). Perfect for cell tracking, high-throughput assays, and 
more, SBI's Lenti-Labeler Constructs are a reliable way to generate 
fluorescent- and luciferase-labeled cell lines. Available as either fully 
propagatable, sequence-verified plasmid DNA or ready-to-transduce 
prepackaged lentivirus, all Lenti-Labeler constructs are designed for 
reliability, so you can get to valuable insights faster. 

System Biosciences 

For info: 888-266-5066 

systembio.com/lenti-labeler-constructs 


RNA-Seq Library Prep Kit 

Zymo Research introduces its total RNA-Seq library prep kit, which 
allows users to go from sample to sequencer in a single day. This 
probe-free technology makes RiboFree total RNA libraries from any 
organism in as little as 3.5 h. It also depletes ribosomal RNA (rRNA) 


LIFE SCIENCE TECHNOLOGIES 


new products 


and globin from any RNA source. Zymo-Seq RiboFree Total RNA 
Library Kit minimizes the number of reagents and steps needed to 
generate stranded, rRNA-depleted total RNA-Seq libraries. 

Zymo Research 

For info: 888-882-9682 
www.zymoresearch.com/pages/total-rna-seq-library-prep 


Artificial Intelligence for Chemistry Projects 

Augmented Chemistry software and services from Optibrium bring 
groundbreaking artificial intelligence technologies that continuously 
learn from all available data to supplement your experience and 
skills. We are delighted to announce the first component of the Aug- 
mented Chemistry platform, a unique deep-learning capability called 
Alchemite that has already been demonstrated to provide more ac- 
curate, more confident results than conventional predictive models. 
Developed in an exclusive partnership with Intellegens, Alchemite 
deep learning brings unparalleled modeling capabilities that learn 
simultaneously across all experimental endpoints in your project or 
corporate database, even based on limited data. Confidently identify 
your most valuable compounds and the most important experi- 
ments to perform. Fill in the gaps in your database with confident 
results to target high-quality compounds. Run virtual screens to find 
new starting points for your projects. 

Optibrium 

For info: 978-234-4329 

www.optibrium.com/augmentedchemistry 


Matrix for Organoid Culture 

Corning’s new Matrigel matrix for organoid culture is a ready-to-use 
solution formulated to support organoid growth and differentiation. 
Each lot is measured for its elastic modulus, which is indicative of 
matrix stiffness. Additionally, each lot is qualified to form stable 3D 
dome structures commonly used in organoid culture. The matrix 
has been demonstrated to successfully grow mouse and human 
organoids from both healthy and diseased cell origins. It reduces the 
need for time-consuming screening, while providing the reproduc- 
ibility and consistency essential for organoid research. 

Corning 

For info: 800-492-1110 

www.corning.com 


Liquid Handling Pipette Tip Filters 

Porvair Sciences introduces a range of Liquid Handling Pipette Tip 
Filters that block out aerosol and liquid contaminants. Using its 
proprietary Vyon porous plastics, the new pipette tip filters are fully 
compliant with U.S. FDA, U.S. Pharmacopeia Class VI, and European 
Pharmacopoeia statutory regulations as well as being free from 
heavy metals. Manufacturing to tight tolerances with an excellent 
edge finish ensures that these filters always provide an optimum fit 
into pipette tips, enabling labs to routinely achieve superior liquid 
handling and dispensing. 

Porvair Sciences 

For info: +44-(0)-1978-661144 
www.vyonporousplastics.com/pipette-tip-filters 
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immunology research ? 


Science Immunology publishes original, peer-reviewed, science-based Science 
research articles that report critical advances in all areas of immunological 


research, including important new tools and techniques. Immunology 
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Custom Antibody Solutions 
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Welcome back to hometown. 
Thousands of academic job vacancies are in fast-developing China. 


On-the-spot Recruitment in UK 
Dec. 10, 2019 Imperial College London 
Dec. 11,2019 Queen Mary University of London 


On-the-spot Recruitment in France 
Dec. 14, 2019 Pierre and Marie Curie University 
Dec. 15, 2019 Université Paris-Sud 


Participating Universities 
Jiangsu Normal University 
Xuzhou Medical University 
Shanghai Institute of Technology 

The First Affiliated Hospital of Jinan University 
Notheastern University Scan the QR code to apply 
Shanghai University of Electric Power Por URS erence en alt 


Online Job Fair 
Dec. 21, 2019(GTM+8) www.edu.cn/cv 
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Shanghai University of Political Science and Law, China Three Gorges University 
Shanghai International Studies University, Hubei University of Technology 
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Air Force Science & Technology Fellowship Programs 
Postdoctoral and Senior Research Awards 


The National Academies of Sciences, Engineering, and Medicine administers 
postdoctoral and senior research awards at the U.S. Air Force Research 
Laboratory (AFRL), the U.S. Air Force Institute of Technology (AFIT), 
and the U.S. Air Force Academy (USAFA) under the Air Force Science & 
Technology Fellowship Program (AF STFP). 


We are actively seeking highly qualified candidates including recent doctoral 
recipients and senior researchers. Applicants must be U.S. citizens and should 
hold, or anticipate receiving, an earned doctorate in science or engineering. 
Awards are contingent upon completion of the doctoral degree. 


Application deadline dates (four annual review cycles): 
* February | 
* May | 
* August | 
* November | 


Awardee opportunities: 
* Conduct independent research in an area compatible with the interests of 
the Air Force laboratories 
* Devote full-time effort to research and publication 
* Access the excellent and often unique Air Force research facilities 
* Collaborate with leading scientists and engineers 


Awardee benefits: 
* Base stipend starting at $76,542; may be higher based on experience 
¢ Health insurance (including dental and vision), relocation benefits, and 
professional travel allowance 


Applicants should contact prospective AFRL, AFIT, and USAFA Research 
Adviser(s) at the lab(s) prior to the application deadline to discuss their research 
interests and funding opportunities. 


For detailed information, visit www.nas.edu/afstfp or e-mail afstfp@nas.edu. 
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NRC Research Associateship Programs 


The National Academy of Sciences, Engineering, and Medicine administers 
postdoctoral and senior research awards at participating federal laboratories and 
affiliated institutions at locations throughout the U.S and abroad. All research 
opportunities are open to U.S. citizens; some are open to U.S. permanent residents 
and foreign nationals. We are actively seeking highly qualified candidates 
including recent doctoral recipients and senior researchers. Applicants should 
hold, or anticipate receiving, an earned doctorate in science or engineering. 
Awards are contingent upon completion of the doctoral degree. A limited number 
of opportunities in select fields are also available for graduate students. Degrees 
from universities abroad should be equivalent in training and research experience 
to a degree from a U.S. institution. 
Application deadline dates (four annual review cycles): 
* February 1 
* May 1 
* August | 
* November 1 
Awardee opportunities: 
Conduct independent research in an area compatible with the interests of 
the sponsoring laboratory 
Devote full-time effort to research and publication 
Access the excellent and often unique facilities of the federal research 
enterprise 
Collaborate with leading scientists and engineers at the sponsoring 
laboratories 
Awardee benefits: 
* One-year award, renewable for up to three years 
* Stipend ranging from $45,000 to $83,000; may be higher based on 
experience 
¢ Health insurance (including dental and vision), relocation benefits, and 
professional travel allowance 
Applicants should contact prospective Research Adviser(s) at the lab(s) prior 
to the application deadline to discuss their research interests and funding 
opportunities. 


For detailed information, visit www.nas.edu/rap or e-mail rap@nas.edu. 
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Science 2019 
TOP EMPLOYERS sciencecareers.org/topemployers 


Who’s the Top Employer 
for 2019? 


Science Careers’ annual survey 
reveals the top companies in 
biotech & pharma voted on by 
Science readers. 


Read the article and employer 
profiles and listen to podcasts at 


Hutchinson Environmental Postdoctoral Fellows 


Yale Institute for Biospheric Studies 
YALE UNIVERSITY 


Yale Institute 
BIOSPHERIC STUDIES 


Yale 


The Yale Institute for Biospheric Studies (YIBS) was established in 1990 through a generous bequest from Yale alumnus Edward P. Bass. YIBS is an umbrella environmental 
science organization that supports the environmental community at Yale University through research and training, grants and fellowships, and weekly seminars and events 
(yibs.yale.edu). The newly established Hutchinson Environmental Program, named in honor of G. Evelyn Hutchinson, the father of modern ecology, is intended to support 
the environmental priorities identified in Yale’s strategy to advance the sciences. 


We seek to attract as many as 10 Hutchinson Environmental Postdoctoral Fellows in the summer and fall of 2020. Cohorts of postdoctoral fellows, representing multiple disciplines, 
will be centered around the two broad themes outlined below: Environment and Evolution, and Climate and Greenhouse Gases. The Hutchinson Fellows will share space in the Osborn 
Memorial Laboratories on Yale’s Science Hill. Postdoc cohorts will engage in research and synthesis activities with a network of Yale faculty mentors spanning multiple schools and 
departments. Priority will be given to applicants whose research incorporates data-driven synthesis, modeling, and/or conceptual unification of knowledge as a means to address these core 
themes. These are two-year postdoctoral fellowships (contingent on success in year one) with a starting salary of $62,000, plus $10,000 for research and travel. Funds will also be available 
to support cohort projects, symposia, workshops, and training in science communication. 


THEME I Environment and Evolution. Human-accelerated environmental changes are affecting the flux of energy and nutrients in ecosystems, in many cases by altering the structure 
and function of species interactions. We are seeking candidates whose research addresses how species interactions are reshaped by ecological and evolutionary responses to environmental 
change and/or how this reshaping determines processes and patterns at larger scales. Successful applicants will work in a highly collaborative environment around themes including, but 
not limited to: (1) eco-evolutionary dynamics in ecosystems driven by human-accelerated change; (2) the genomic basis of evolving species interactions; and (3) contemporary effects 
of environmental change from a paleoecological perspective. Faculty lead for Theme I: David Vasseur, Department of Ecology & Evolutionary Biology. Other relevant faculty are affiliated with the 
Yale School of Forestry & Environmental Studies, and the Departments of Geology & Geophysics and Anthropology. See yibs.yale.edu/hutchinson-fellowship for additional details and affiliated faculty. 


THEME II Climate and Greenhouse Gases. Atmospheric levels of CO,, CH, and N,O are increasing, leading to planetary warming. We are seeking candidates whose research can 
contribute to our general understanding of the generation and management of greenhouse gases (GHG). Because of growing interest in global methane among a group of Yale faculty, we 
are particularly interested in building a cohort of postdoctoral fellows who can advance knowledge of the production and control of CH, losses from natural and human-managed systems. 
Successful applicants will work in a highly collaborative environment around themes including, but not limited to: (1) GHG fluxes from ecosystems and the energy sector; (2) microbial 
ecology and evolution relevant to GHGs; (3) GHG pathways in plants; (4) GHG dynamics in deep time; and (5) natural climate solutions. Faculty lead for Theme I: Peter Raymond, Yale 
School of Forestry & Environmental Studies. Other relevant faculty are affiliated with the Departments of Geology & Geophysics, Ecology & Evolutionary Biology, Chemical & Environmental Engineering, 
and the Yale School of Management. See yibs.yale.edu/hutchinson-fellowship for additional details and affiliated faculty. 


APPLICATIONS. Interested candidates should have, or will soon receive, a Ph.D. in a relevant discipline. Applications must be submitted by Monday, January 13, 2020. Submit a CV 
(with a complete bibliography), the names and email addresses of three references, and a research statement detailing potential connections to one (or both) of the themes described above; 
please also identify one or more potential Yale faculty mentors. Applications should be submitted to http://apply.interfolio.com/71435. Applicants will be notified of the results of the 
selection process by mid-February 2020. 


Yale University considers applicants for employment without regard to, and does not discriminate on the basis of, an individual’s sex, race, color, religion, age, disability, status as a veteran, or national or ethnic origin; nor 
does Yale discriminate on the basis of sexual orientation or gender identity or expression. Title IX of the Education Amendments of 1972 protects people from sex discrimination in educational programs and activities at 
institutions that receive federal financial assistance. Questions regarding Title IX may be referred to the University’s Title IX Coordinator, at TitleIX @yale.edu, or to the U.S. Department of Education, Office for Civil Rights, 
8th Floor, Five Post Office Square, Boston MA 02109-3921. Telephone: 617.289.0111, Fax: 617.289.0150, TDD: 800.877.8339, or Email: ocr.boston @ed.gov. 
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TENURE TRACK/TENURED FACULTY POSITION IN CANCER RESEARCH 
Case Western Reserve University School of Medicine 
Case Comprehensive Cancer Center 


Acareer plan customized 
for you, by you. 


The Case Comprehensive Cancer Center (https://case.edu/cancer/), an NCI-designated 
Comprehensive Cancer Center at CWRU, with affiliates University Hospitals Cleveland Medical 
Center and Cleveland Clinic, invites applications for tenure track/tenured faculty positions at 
the level of Assistant, Associate, or Full Professor. Applicants are being sought that have basic/ 
translational research expertise in one of the following areas of cancer focus: Tumor Immunology, 
Drug Discovery, Genomics, Brain Tumors, Adolescent and Young Adult, and Women’s Cancers. 
Qualified individuals should have a PhD with established expertise in the specific cancer to be 
studied. Applicants for Assistant Professor must have a track record of outstanding cancer research 
and publications and potential for extramural funding. Candidates applying for consideration at a 
senior rank must possess national (Associate Professor) or international (Professor) reputations in 
collaborative cancer research, a distinguished record of publication and funding, a commitment to 
mentoring, teaching, and leadership, and they must fulfill other qualifications necessary for a tenured 
appointment at CWRU. 


Successful candidates will be expected to interact closely with members of established basic and 


Features in myIDP include: 


= Exercises to help you examine your 
skills, interests, and values. 


= Alist of 20 scientific career paths 
with a prediction of which ones best 
fit your skills and interests. 


Visit the website and start 


myDP planning today! 
J myIDP.sciencecareers.org 
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translational cancer center research programs. Primary appointment will be in the CWRU School of 
Medicine department of expertise or in the Cancer Center. 


Please send curriculum vitae and a cover letter outlining your research interests, and experience in 
mentoring electronically to: Stanton L. Gerson, MD, Director, Case Comprehensive Cancer Center, 
c/o cancersearch@case.edu. After initial review, you will be asked for a list of three or more 
references. Please include “Cancer Faculty Search” in the subject line. 


In employment, as in education, Case Western Reserve University is committed to Equal Opportunity 
and Diversity. Women, veterans, members of underrepresented minority groups, and individuals with 
disabilities are encouraged to apply. 


Case Western Reserve University provides reasonable accommodations to applicants with disabilities. 
Applicants requiring a reasonable accommodation for any part of the application and hiring process 
should contact the Office of Inclusion, Diversity and Equal Opportunity at 216-368-8877 to request 
a reasonable accommodation. Determinations as to granting reasonable accommodations for any 
applicant will be made on a case-by-case basis. 


online @sciencecareers.org 
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By Barbara Gastel 
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Giving thanks in China 


olden autumn. The best time of year in Beijing. I’d just flown in from the United States to 

start a position teaching scientific writing in English. I hadn’t been to China before, much less 

taught there, so I didn’t know what to expect. “Will I be able to establish rapport with my stu- 

dents?” I wondered. “Will we communicate adequately?” At the start of my first class, I looked 

around at my students: 17 scientists. The year was 1983, and some wore jackets that resembled 

the type popularized by the late Chinese leader Mao Zedong. The students gave me hesitant but 
welcoming smiles, and I proceeded to tell them that my main goal was to help them publish interna- 
tionally. I hoped this venture would work out for them—and me. 


My path to China began the pre- 
vious autumn. I was an assistant 
professor at the time, teaching sci- 
ence writing in the United States. 
One evening, I returned to my 
apartment and saw the light flash- 
ing on my answering machine. The 
message was from the head of a 
US. institute devoted to furthering 
academic exchange with China. He 
suggested that I apply for a posi- 
tion teaching scientific writing at a 
medical college in Beijing. 

I had dreamed of international 
work ever since I’d received my 
medical and public health degrees 
and embarked on a science commu- 
nication career 4 years earlier. Yet 
I hesitated about applying for the 
opportunity in Beijing. I felt unsure 
about spending a school year in 
then-isolated China and putting my 
tenure-track position at risk. I also worried about venturing 
so far from my parents, one of whom had been seriously ill. 

My parents, however, encouraged me to explore the op- 
portunity. My program director offered me a leave of ab- 
sence. And there was a good omen: Months before I ever 
thought of moving to China, my New Year’s resolution—one 
of the few I’ve kept—had been to master chopsticks. 

So I found myself in Beijing. Most of my students were 
female faculty members approaching my parents’ age. They 
made a point of taking care of me outside the classroom— 
inviting me to make dumplings, showing me where to shop, 
and taking me to Chinese operas—and I immersed myself 
in my host culture. In return, I enjoyed sharing bits of U.S. 
culture with my students. In November, I told them about 
U.S. Thanksgiving and the traditional dishes, such as sweet 
potatoes and turkey. Within a week, the students proposed 
having a potluck Thanksgiving dinner. They would provide 
the main courses; I would bring dessert. 


“| hope younger colleagues 
will take chances on 
unexpected opportunities.” 


When I reached the potluck, 
sweet potatoes and Chinese favor- 
ites awaited. But the main dish 
had not arrived. Eventually, one 
student brought a package—and 
an apology. Turkeys were hard 
to get, he said, so he hoped we 
wouldn’t mind Peking duck. We 
went on to eat a delicious meal, 
complete with the best Thanks- 
giving bird I’ve tasted yet. The 
potluck gave us a chance to meld 
cultures and build bonds—some of 
which endure to this day—and in 
that moment I knew I had much 
to be thankful for. 

My first year in China proved so 
rewarding that I gave up my U.S. 
faculty position to work there for 
one more year. Fortunately, I was 
able to land a faculty job after I 
returned to the United States, and 
I’ve now been tenured for more than 25 years. 

I look back fondly on my time in Beijing. I’ve been 
proud to see class members publish internationally and to 
see one elected to the Chinese Academy of Sciences. Some 
have shared what I taught them with their own students. 

The experience showed me that I greatly enjoy exploring 
other cultures and helping nonnative speakers communi- 
cate science in English. I’ve pursued those interests ever 
since. ve given workshops in many countries, and each 
year I welcome international researchers to my university 
to take an intensive writing course, treasuring the chance 
to establish bonds with scientists from other countries. 

I hope younger colleagues will take chances on un- 
expected opportunities. The bird that appears might exceed 
all expectations. | 


Barbara Gastel is a professor at Texas A&M University in College 
Station. Send your career story to SciCareerEditor@aaas.org. 
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